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INVESTIGATION OF HARMONIC GENERATION 
IN LASER PRODUCED PLASMAS
ABSTRACT
A study o f  harmonic g ene ra t ion  i n  Laser produced plasmas i s  
p resen ted .  Experiments were per formed on Royal Hol loway C o l le g e ' s  
ca rb o n -d io x id e  la se r  system and on the  R u the r fo rd  App le ton L a b o r a to r y ' s  
neodymium-glass lase r  f a c i l i t y .  Var ious t a r g e t s  were i r r a d i a t e d .  The 
backsca t te red  r a d i a t i o n  was s p e c t r a l l y  analysed i n  the v i c i n i t y  o f  the 
in c i d e n t ( w * )  and tw ic e  i n c i d e n t  f r e q u e n c y ( 2Wq).
O p t i c a l  and x - ra y  d ia g n o s t i c s  were a lso  under taken.
T h e o r e t i c a l  models f o r  harmonic gen e ra t ion  i n  la se r  produced 
plasmas by C a i rns ,  E rokh in ,  S i l i n  and o th e rs  are reviewed and compared 
t o  the  exper im en ta l  r e s u l t s .
I t  i s  shown t h a t  t h e o r i e s  due t o  Ca irns and S i l i n  g ive  reasonable 
e s t im a tes  o f  plasma tem pe ra tu re ,  f rom the  exper im en ta l  s h i f t  o f  the 
second h a rm on ic (2w ) ,  though the fo rmer re q u i re s  the  plasma d e n s i t y  
s c a le - l e n g th  t o  be known t o  a g re a te r  accuracy.  However, Cairns 
e x p la in s  s a t i s f a c t o r i l y  the  observed s t r u c t u r e  of  the second harmonic 
s p e c t ra .  Other t h e o r i e s  account  w e l l  f o r  the  observed dependence o f  the 
i n t e n s i t y  o f  the  second harmonic t o  t h a t  i n c i d e n t .
F i n a l l y ,  an at tempt i s  made t o  e x p la in  fe a tu re s  o f  the  2w spectrum 
i n  terms o f  plasma m o t ion ,  resonance a b s o r p t i o n ,  d e n s i t y  p r o f i l e  
m o d i f i c a t i o n  and ponderomot ive f o r c e s .
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The f i r s t  se r io us  use of  a Laser t o  produce a h igh d e n s i t y ,  h igh 
tem pera ture  plasma were presented by Basov and K rokh in  [ 1 ]  and by
Dawson [ 3 ]  i n  1964- Since then much a t t e n t i o n  has been focused on the  
i n t e r a c t i o n  o f  la se r  r a d i a t i o n  w i th  dense plasmas,  e s p e c i a l l y  i n  the  
con tex t  o f  la se r  f u s i o n .  In  t h i s  study we s h a l l  d iscuss  the  mechanisms 
re sp on s ib le  f o r  harmonic g e n e ra t i o n ,  p a r t i c u l a r l y  the  second harmonic,  
i n  la s e r  produced plasmas and r e l a t e  these  t o  the  expe r im en ta l  r e s u l t s .  
The i n v e s t i g a t i o n  was made using a neodymium(A=1.06 |jm) and
C0%(A=10.6 fom) l a s e r s '  at RAL & RHC r e s p e c t i v e l y .  The la se r  i n t e n s i t i e s  
were h igh enough above t h r e s h o ld ,  f o r  second harmonic g e n e ra t i o n .
Al though t h i s  work i n v o lv e s  on ly  modest i r r a d i a n c e s ,  a b r i e f
ment ion o f  f u s i o n  i s  a p p ro p r ia te  as i t  i s  o f  g rea t  s i g n i f i c a n c e  f o r  the 
f u t u r e  o f  Mankind,  e s p e c i a l l y  f o r  i t s  energy requ irem ents .  B ro ad ly ,
t h e re  are two approaches t o  t h i s : -
( i )  Magnet ic conf inement o f  hot plasma, 
and ( i i )  i n e r t i a l  conf inement .
Both must s a t i s f y  the  Lawson's c r i t e r i o n  [43
n î  > 1 0 *^ cm ^sec ( 1 . 1)
f o r  s c i e n t i f i c  breakeven.
One o f  the  i n e r t i a l  conf inement approaches i s  t o  bombard a p e l l e t  
c o n ta in in g  a m ix tu re  o f  d e u t e r i u m - t r i t i u m  f u e l  w i th  ext remely  high 
powered Laser beams so t h a t  the  m ix tu re  i s  compressed t o  ve ry  high 
d e n s i t i e s  g i v i n g  r i s e  t o  a m ic r o - e x p lo s io n  and the reby  re lease of  
energy .  T h is  r e s u l t s  as the  fused n uc leu s .  Hel ium, has a g re a te r  
b in d in g  fo r c e  then the  two c o n s t i t u e n t  n u c l e i .
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1 .2  LASER SYSTEMS
A b r i e f  d e s c r i p t i o n  o f  the  t e c h n o l o g i c a l  fe a tu re s  o f  the  two 
high-power  la s e r  systems c u r r e n t l y  employed i n  plasma p ro du c t io n  
f o l l o w s :  The two main systems are the  carbon-dioxideCCO^) and the  
neodymium(Nd)-glass l a s e r ,  the  fo rmer being pumped by e l e c t r i c a l  
energy ,  the  l a t t e r  by l i g h t  from f lash lamps  i n  o rder t o  achieve a 
p o p u la t i o n  i n v e r s i o n  o f  the  l a s in g  l e v e l s .  The Nd and CO^ lase rs  
ope ra te  at wavelengths o f  1.06 fom and 10.6 |um r e s p e c t i v e l y .  A b r i e f  
s p e c i f i c a t i o n  o f  the  two lase r  systems used i n  t h i s  s tudy i s  g iven i n  
Table 3 . 1 .  At present  many exper iments are conducted w i th  Nd la se r  
systems because o f  i t s  s h o r te r  wavelength and s im p le r  d e te c t i o n  
t e c h n iq u e s .  However, problems o f  hand l ing  any h igh-power beams in vo lve s  
an unders tand ing o f  many p h y s i c a l  p rocesses;  v i z .  s e l f - f o c u s i n g  and 
f i l a m e n t a t i o n ,  as they determine the  s ize  and shape o f  a m p l i f i e r s ,  
e s p e c i a l l y  f o r  s o l i d - s t a t e  Lasers C53.
S e l f - f o c u s in g  i s  ve ry  im portan t  s ince i t  l i m i t s  the  power d e n s i t y  
i n  the  Nd-g lass rods i n  h igh power a m p l i f i e r s .  Indeed,  s e l f  focus in g  
can des t roy  the  expensive rods i f  i t  Leads t o  h igh d e n s i t y  spo ts .  The 
s o l u t i o n  t o  t h i s  problem i s  t o  reduce the  beam energy d e n s i t y  by having 
la rg e  d iameter  rods.  Also the  g lass  must be o f  the  h ighes t  q u a l i t y  as 
f a r  homogeneity i s  concerned and f r e e  o f  any i n t e r n a l  s t r e s s e s .
A Laser system i s  composed o f  components which prevent  l i g h t  f l u x  
feedback f rom r e f l e c t i o n s ,  as they can lead t o  an uns tab le  and damaging 
system. Thus the  use of  e i t h e r  Faraday i s o l a t o r s  or s a tu ra b le  dyes or 
b o th ,  where the  fo rmer r o ta te s  the  p o l a r i s a t i o n  such t h a t  a double 
t r a n s i t  i s  suppressed.  The dye i s  used t o  r e s t r i c t  the  minimum 
o s c i l l a t o r  power Leve l .
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The technology o f  CO^ o s c i l l a t o r s  and a m p l i f i e r s  i s  p r e s e n t l y  
undergoing  ra p id  development.  Here, the  pumping i s  e i t h e r  v ia  an 
e l e c t r i c a l l y  d r i v e n  d ischarge  or by the  i n j e c t i o n  o f  e le c t r o n s  up t o  
r e l a t i v i s t i c  e n e rg ie s .  High e f f i c i e n c ie s C u p  t o  10%) have been achieved 
f o r  COi systems.
A schemat ic  o f  an exper imen ta l  i n s t a l l a t i o n ,  t h a t  at  the  
R u the r fo rd  App le ton Labo ra to ry (RAL) ,  i s  shown i n  F ig .  3 . 2 .  I t  shows the 
arrangement of  the  o s c i l l a t o r ,  a m p l i f i e r s ,  a po d iz e rs ,  Faraday 
i s o l a t o r s ,  dye c e l l s  and s p a t i a l  f i l t e r s ,  which can produce two beams 
f o r  Laser i n t e r a c t i o n  exper iments i n  Target  Area TwoCTAII).
There are many o th e r  f a c i l i t i e s  s c a t te re d  around the  Wor ld ,  
p a r t i c u l a r l y  i n  the  Un i ted  S ta te s ,  Sovie t  Un ion,  France and Japan. 
Table  1.1 l i s t s  some of  these lase r  systems and t h e i r  gross parameters.
1-3  BASIC NOTIONS IN LASER PLASMAS
There are th ree  c o n d i t i o n s  t h a t  an i o n is e d  gas must s a t i s f y  be fo re  
being c l a s s i f i e d  as a plasma. These a r e : -
(a)  A j > «  L ,  i . e .  the  plasma must be dense enough such t h a t
the  Debye le n g th ,X p ,  i s  much sm a l le r  than the
d imens ion ,  L ,  o f  a system,
(b) W g »>  1,  i . e .  the  number of  p a r t i c l e s  w i t h i n  a sphere of
r a d iu s ,  A ^ ,  be g r e a t l y  i n  excess o f  u n i t y ,  
and (c )  LC L> 1,  i . e .  the  product  o f  the  f requency o f  plasma
o s c i l l a t i o n s ,  w, and the  mean t im e  between
c o l l i s i o n s  w i th  n e u t r a l  a t o m s , t ,  be g re a te r  than 
u n i t y .
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TABLE 1.1 LASER SYSTEMS
S Y S T E M
LASER











Nd 8-10 100 k ^ 1 300
AN TAR ES
Los Alamos, USA
COi 24 25 k <  1 100
RAL
England
Nd 2-6 1 k 1 > 3
GARCHING
Germany
Iod ine 2 100 .3 < 1
I n s t ,  o f  Plasma Rhys. 
Poland
Nd 4 50-80 1-3 .03
KALMAR
Lebedev, USSR
Nd 9 > 150 < 1 > .05
Laser Phys. Lab. 
A u s t r a l i a
Nd 1 50-100 1 .01
OCTAL
France
Nd 8 100 .05 1-2
GEKKO-XII
Japan
Nd 12 20 k .5 40
NOTE : The above f i g u r e s  should only be taken as a rough guide ( v a l i d
1980) due to  the co n t in u in g  research and development i n  t h i s  f i e l d .
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From the above c o n d i t i o n s  i t  i s  seen t h a t  plasmas e x i s t  i n  severa l  
areas and i t  i s  expected t h a t  s i m i l a r  t h e o r i e s  hold f o r  microwave 
expe r im en ts ,  e x p l o r a t i o n s  o f  the  ionosphere and la s e r  exper im en ts .  The 
co rrespond ing  scales o f  f requency ,  sca le -Lengths  and a pp l ie d  e x te rn a l  
f i e l d s  are shown i n  F ig -  1 . 1 .
Plasmas can be c h a r a c te r i s e d  by the  two parameters n* and T% ; i . e .  
the  e l e c t r o n  d e n s i t y  and e le c t r o n  tem pera ture  r e s p e c t i v e l y .  F igure 1.2 
shows va r io u s  plasma sources p re s e n t l y  under study at d i f f e r e n t  
l a b o r a t o r i e s .  The F igure  in c lu d e s  the  locus  a t  which the  Debye 
Length,  A j j ,  becomes equal t o  the  mean i n t e r - e l e c t r o n  s e p a ra t i o n ,  . 
F i n a l l y ,  the  c r i t e r i o n  f o r  the  e l e c t r o n  D e-B rog l ie  w ave leng th (a t  the 
most probab le  therm al  speed) t o  equal r^^ i s  p l o t t e d .
I r r a d i a t i o n  o f  a s o l i d  t a r g e t  by an in tense  Laser beam crea tes  a 
hot  dense plasma at  the  sur face  o f  the  t a r g e t .  The d e n s i t y  o f  t h i s  
plasma may exceed the  ' c r i t i c a l  d e n s i t y ' ,  n^ ,  where the  plasma 
f requ ency ,  w^, equals the  la se r  f requency ,  w^. The c r i t i c a l  d e n s i t y  f o r  
ru b y ( A^-vky = 0.6943 ym),  CO^ and Nd la s e r  r a d i a t i o n s '  are i n d i c a t e d  on 
F ig .  1 . 2 .
The la s e r  beam i n t e r a c t s  p redominan t ly  w i th  e le c t r o n s  which 
o s c i l l a t e  s t r o n g ly  i n  the  i n c id e n t  f i e l d  because of  t h e i r  smal l  mass. 
At the  c r i t i c a l  su r face  the energy i s  e q u a l l y  shared between the 
e le c t rom a g n e t i c  f i e l d  and the  o s c i l l a t i n g  e l e c t r o n s .  The l i g h t ,  
t h e r e f o r e ,  becomes evanescent  beyond n^  ^ and i s  r e - r a d i a t e d  i n  the  
backward d i r e c t i o n  by the  o s c i l l a t i n g  e l e c t r o n s .  T h is  leads t o  a 
t r a n s f e r  o f  energy f rom the la s e r  beam t o  the  e l e c t r o n s .  Subsequent 
t r a n s f e r  from e le c t r o n s  t o  the  ions occur near the  therm al  f r o n t  at  a 
much h ighe r  d e n s i t y .
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FIGURE 1.1 : A comparison o f  the  expe r im en ta l  parameters ,  wavelength
X ,  d e n s i t y  s c a le - l e n g th  L ,  and a pp l ie d  e x te r n a l  f i e l d s  
E J" f o r  the  th r e e  cases o f  i n t e r e s t  —  la s e r  plasma
i n t e r a c t i o n s ;  microwave s im u l a t i o n ,  and r - f  e x c i t a t i o n  
o f  the  ionosphere .  The microwave parameter regime
over laps  the  la se r  and io n osp h e r i c  regimes in  L/^Cnumber 
o f  f r e e  space wavelengths i n  a d e n s i t y  g ra d ie n t  le ng th )
and the  normal ised f i e l d  s t re n g th  E^/AwigT where E i s
the  s e l f - c o n s i s t e n t  f i e l d  i n  the  plasma.
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FIGURE 1-3 : The r e l a t i v e  importance o f  inve rse  bremsst rah lung  and
Compton s c a t t e r i n g  at  v a r io u s  e l e c t r o n  d e n s i t i e s ( n ^ )  and 
in c i d e n t  Laser i n t e n s i t y  I .
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Another f e a tu r e  o f  Laser produced plasmas, w i th  n on -s p h e r i c a l  
geometry,  i s  the  gen e ra t ion  o f  spontaneous magnetic f i e l d s  which a r i s e  
as a r e s u l t  o f  pressure  and tempera ture  g ra d ie n ts  i n  the  plasma. The 
magnetic f i e l d s  may be as la rge  as megagauss(MG) f o r  i r r a d ia n c e s  of  
10 W/cm . Such la rge  f i e l d s  have impor tan t  e f f e c t s  on the  t r a n s p o r t  
processes i n  the  plasma but have l i t t l e  or no e f f e c t  on the  plasma 
waves. Thus, we s h a l l  neg lec t  magnet ic e f f e c t s  when d is c u s s ing  plasma 
waves (Chapter Two).  A ls o ,  r e l a t i v i s t i c  c o n s id e ra t io n s  w i l l  be ignored 
as our  s c a l in g  parameter i s  much less  than 1o ' *  W/cm^ym^.
The la se r  power d e p o s i t i o n  depends c r i t i c a l l y  on the  na tu re  o f  the 
d e n s i t y  f l u c t u a t i o n s  near the  c r i t i c a l  s u r fa c e .  I f  no f l u c t u a t i o n s  are 
p r e s e n t ,  and magnetic e f f e c t s  and c o l l i s i o n s  are absen t ,  then  the  lase r  
beam would be p e r f e c t l y  r e f l e c t e d .  I f  the  f l u c t u a t i o n s  are t he rm a l ,  
then  the  concomitant  a bso rp t io n  i s  sa id  t o  be c l a s s i c a l ;  i . e .  the  
a b s o rp t io n  o f  the la s e r  r a d i a t i o n  i s  assumed t o  be determined by 
e l e c t r o n - i o n  c o l l i s i o n s ( i n v e r s e  bremsst rah lung) and Compton s c a t t e r i n g  
i n  which case the  s c a t t e r i n g  o f  r a d i a t i o n  by e l e c t r o n s ( o r  ions )  leads 
t o  a t r a n s f e r  o f  energy t o  the  plasma, w i th  the  a bso rp t io n  c o e f f i c i e n t  
independent  o f  i n c id e n t  i n t e n s i t y .  The r e l a t i v e  importance o f  the  two 
mechanisms i s  shown i n  F ig .  1.3 i n d i c a t i n g  t h a t  on ly  at  high 
i n t e n s i t i e s  does the  Compton e f f e c t  become im p o r ta n t .  However, i t  i s  
expected t h a t  o th e r  processes ye t  t o  be d iscussed w i l l  be la rge  and 
perhaps dominant be fo re  t h i s  becomes s i g n i f i c a n t .  O the rw ise ,  the  
a b s o rp t io n  i s  termed anomalous; i . e .  the  f l u c t u a t i o n  spectrum i s  
c o n t r o l l e d  by the  i n c i d e n t  la se r  beam so t h a t  the  a bs o rp t io n  process i s  
n o n - l i n e a r .
A homogeneous e le c t r o n  and io n  gas at T=0 K has c o l l e c t i v e  modes 
at  w ^ ,  and w ^ - ,  the  e le c t  ron-plasma o s c i l l a t i o n s  and ion-plasma
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o s c iL L a t io n s  r e s p e c t i v e l y .  A homogeneous plasma at t em pe ra tu re ,  T,  
supports  t h r e e  o s c i l l a t i o n  modes:-
( i )  Transverse o s c i l l a t i o n s ,  at
( i i )  l o n g i t u d i n a l  h igh - f requency  o s c i I l a t i o n s ( l a n g m u i r  waves),  at
and ( i i i )  L on g i tu d in a l  Low-frequency o s c i I l a t i o n s ( i o n - a c o u s t i c  waves),  
at  Wg
In  the  l i m i t  o f  in c re a s in g  wavevector  k ,  w^->w^, the  d is p e rs i o n  
r e l a t i o n s  f o r  the  L o n g i t u d in a l  o s c i l l a t i o n s ,  d e r ived  by Bohm & Gross
[ 2 ] ,  have been sketched i n  Figure 2 .7 .
At h igh in c id e n t  la s e r  i n t e n s i t y  these l o n g i t u d i n a l  o s c i l l a t i o n s  
main ly  p rov ide  the  dominant absorp t ion(anomalous)  mechanism. Though 
many o f  the  processes occur at the  c r i t i c a l  d e n s i t y  (see F ig .  2 . 6 ) ,  
t h e re  are o the rs  t h a t  may dominate the  a bs o rp t io n  at  n ^ /4 .  Some of  
these a b s o rp t io n  mechanisms are o u t l i n e d  i n  the  next chap te r .
Note t h a t  a key parameter i n  any d is c u s s io n  o f  r a d i a t i o n  plasma 
i n t e r a c t i o n s  i s  the  ' c r i t i c a l  d e n s i t y ' ,  n^., d e f ine d  by
4ïïnt,e*‘ /m$ = w^ ( 1 . 2)
where w^ i s  the  f requency o f  the i n c id e n t  r a d i a t i o n .  Normal ly  i n c id e n t  
L igh t  cannot pene t ra te  beyond t h a t  d e f in ed  by ( 1 . 2 ) .  We can r e - w r i t e  
the  above as
■ n^ (cm~^) = 1 . 1*10 X  (ym) (1 .3 )
i . e .  the  c r i t i c a l  d e n s i t y  sca les  as the  square of  the  r e c i p r o c a l  of  
wavelength of  i n c id e n t  r a d i a t i o n .
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1 .4  SUMMARY OF CONTENTS
Although t h i s  re p o r t  i s  p r i m a r i l y  concerned w i th  harmonic 
ge n e ra t ion  i n  la se r  produced plasmas,  a b r i e f  o u t l i n e  of  l a s e r  systems 
and an i n t r o d u c t i o n  t o  plasma physics would be o f  g rea t  b e n e f i t .  Th is  
i s  presented i n  the  f o l l o w i n g  s e c t i o n s .
The t h e o r e t i c a l  bas is  o f  harmonic gene ra t ion  and assoc ia ted  
i n t e r a c t i o n s  i s  presented i n  Chapter Two($2).  In the  subsequent two 
chap ters  the  exper imen ta l  t rea tm en t  and r e s u l t s  are d iscussed i n  d e t a i l  
i n  r e l a t i o n  t o  the  theo ry  presented e a r l i e r  i n  $2.  F i n a l l y  a pp ro p r ia te  
conc lus ion s  are drawn.
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R e ce n t ly ,  cons ide ra b le  a t t e n t i o n  has been focused on 
l a s e r - i n d u c e d - f u s i o n  schemes [1293.  The i n t e r a c t i o n  o f  in ten se  la se r  
r a d i a t i o n  w i th  a dense plasma i s  one o f  the  most i n t e r e s t i n g  phenomena 
i n  la s e r  plasma research [ 2 1 ] .  As a p r e - r e q u i s i t e  f o r  economic power 
p r o d u c t i o n ,  a b s o rp t io n  i n  la s e r  i r r a d i a t e d  s o l i d  t a r g e t s  i s  a 
p a r t i c u l a r l y  impor tan t  problem ( $ 2 . 2 ) .  The dominant c o n t r i b u t i o n  t o  
c l a s s i c a l  abso rp t io n  of  the  l i g h t  occurs [493 where the  la s e r  f requency 
i s  near the  plasma f requency ,  and most c o l l i s i o n l e s s  mechanisms 
r e s p on s ib le  f o r  the  anomalous a b so rp t io n  and r e f l e c t i o n  [51,773 are 
enhanced t h e r e .  Indeed,  the  ra d ia t io n -p la s m a  i n t e r a c t i o n  i s  s e n s i t i v e  
t o  the  homogeneity s c a le - l e n g th  o f  the  c r i t i c a l - d e n s i t y  plasma 
[ 4 9 ,5 1 ,7 7 3 .  C h a r a c te r i s a t i o n  o f  t h i s  re g ion  (see Figure 2 .6 )  i n  high 
energy exper iments i s  t h e r e f o r e  c r u c i a l  t o  the  unders tand ing  o f  
laser-p lasma p hys ics .
The l i t e r a t u r e  [25 ,28 -9 ,3 9 ,5 6 ,59 -6 1 ,148 ,156 3  s t r o n g l y  suggests 
t h a t  the  o r i g i n  o f  the second-harmonic l i g h t  ($2 .5 )  i s  i n  the reg ion  of  
the  c r i t i c a l - d e n s i t y  plasma, n ^ ^ lO ^ '  cm^ f o r  X= 1 ^m ( n ^ - i o ' ^  cm^ f o r  
X= 10.6 |jm) or  Wa=2*10'^ Hz. Non l inear  b ea t ing  between the  e le c t r o n  
plasma waves at  Wj^^w^  and the  lase r  at w© can be expected t o  emit 2w* 
r a d i a t i o n  f rom the  inhomogeneous plasma ( $ 2 . 5 ) .  The plasma waves at 
WmWp can r e s u l t  f rom e i t h e r  resonance a b s o rp t io n  ($ 2 . 2 . 2) or  n on l in e a r  
pa ram et r ic  processes ( $ 2 . 2 . 3 ) .  S i m i l a r l y  the  3wg/2 l i g h t  i s  l i k e l y  t o  
be e m i t ted  f rom the  q u a r t e r - c r i t i c a l  d e n s i t y  ($2 .6 )  [ 2 5 ,2 9 3 ,  n=n&/4,  as 
a r e s u l t  o f  coalescence between the  la s e r  and plasma waves at Wq/2  
a r i s i r ^ f r o m  S t im u la ted  Raman S c a t t e r i n g  ($2 .4 )  and two-plasmon decay 
i n s t a b i l i t y  ( $ 2 . 2 . 3 ) .
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These harmonic s ig n a l s  leave the  plasma normal t o  the  d en s i t y
g r a d ie n t  as they are launched at  d e n s i t i e s  w e l l  below t h e i r  re s p e c t i v e  
c u t - o f f s ,  4ng. f o r  2w and 9 /4n ^  f o r  3w/2.  At the  c u t - o f f  d e n s i t y  ($2 .2)  
the  l o c a l  plasma f requ ency ,  w^ ( 2 . 1 ) ,  equals the  i n c id e n t  f requency ,  
Wg. Th is  then  becomes a r e f l e c t i o n  p o i n t ,  as the  r e f r a c t i v e  in dex ,  
n ^ ^  ,  becomes zero (2 .3 )  p re ve n t in g  f u r t h e r  p e n e t r a t i o n  o f  the  i n c id e n t  
wave
w^ = Airn^e^/m^ ( 2 . 1)
at  c u t - o f f ,
nc = m*Wo /4iTe^ (2 .2 )
" r e f  = (1 -  Wf / « o  (2 .3 )
Laser produced plasmas have been found t o  be r i c h  sources o f
harmonics o f  the  i n c i d e n t  l i g h t  ( $ 2 . 5 ) .  The la rge  e l e c t r o s t a t i c  f i e l d  
near the  c r i t i c a l  d e n s i t y  e x c i t e d  by resonant  a bs o rp t io n  can genera te ,  
by i n t e r a c t i o n  w i th  the  i n c i d e n t  r a d i a t i o n  f i e l d ,  even h ig he r  harmonics 
o f  the  i n c i d e n t  l i g h t  ( $ 2 . 5 . 5 ) .
In the  f o l l o w i n g  se c t i o n s  v a r io u s  a b so rp t io n  and convers ion  
mechanisms o pe ra t ing  i n  la se r  produced plasmas are examined. T h e i r  
s i g n i f i c a n c e  t o  harmonic g e n e r a t i o n , ' b a c k s c a t t e r  and r e f l e c t i v i t y  are 
a ls o  d iscussed .
2 .2  ABSORPTION PROCESSES
Before  examining the  gene ra t ion  phenomena, i t  i s  impor tan t  t o  
understand the  processes by which r a d i a t i o n  i s  absorbed i n  the  plasma 
and converted t o  o the r  wave modes.
A plasma can absorb e lec t rom agn e t ic  r a d i a t i o n  e i t h e r  v ia  a l i n e a r .
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coLLi s i onLess process such as resonance a bs o rp t io n  or a n o n l in e a r  one, 
f o r  example inve rse  b remss t rah lung .  We s h a l l  now b r i e f l y  d iscuss  these 
processes w i th  re ferences  t o  more d e t a i l e d  work.
2 .2 .1  INVERSE BREHSSTRAHLUNG
The lowest  order  a bso rp t io n  mechanism i n  la s e r  plasmas i s  s imply 
c o l l i s i o n a l  or inve rse  bremsst rahlung a bs o rp t io n  [49 ,6 9 ,101 3 .  Th is  
should be eva lua ted  be fo re  proceeding t o  h ig he r  o r d e r ,  c o l l e c t i v e  
processes as i t  may be importan t  i n  a l lo w in g  a weak p recu rso r  o f  a 
pulse  t o  io n i s e  the t a r g e t .  B a s i c a l l y  the  i n c id e n t  photon e x c i t e s  an 
e le c t r o n  which i n  t u r n  i n t e r a c t s  w i th  the  ion  by Coulomb i n t e r a c t i o n .  
The low i n t e n s i t y  express ion  f o r  the  c o l l i s i o n a l  a bs o rp t io n  c o e f f i c i e n t  
i s  [1493
^u) = W^Vg;/4lTW^ (2 .4 )
where the  e l e c t r o n - i o n  c o l l i s i o n  ra te  f o r  momentum t r a n s f e r  i s ,
V,; = 4 / 3 j n  * (n ,e " z /m 2  v j  ) l n / \  (2 .5 )
and the  plasma f requency
W|  ^ = 4nnge^/m^,  ( 2 . 6 )
ne i s  the  e le c t r o n  d e n s i t y ,  Z i s  the  e f f e c t i v e  charge,  w  ^ i s  the  lase r  
f re qu e ncy ,  m^  i s  the  e l e c t r o n  mass,
v  ^ = (Te/me) (2 .7 )
i s  the  mean e le c t r o n  therm al  speed, Tg i s  the  e le c t r o n  tempera ture  in
e l e c t r o n - v o l t s  and In A  i s  the Coulomb lo g a r i t h m .  Absorp t ion  inc reases
w i th  d e n s i t y  and i n v e r s e l y  w i th  tem pera tu re .
The e l e c t r i c  f i e l d ,  a pa r t  of  the  i n c i d e n t  l i g h t ,  o f  amp l i tude  E* 
causes the  e le c t r o n s  t o  ' q u i v e r '  a t  a v e l o c i t y  o f  ampl i tude
v^ = eEo/mgWo ( 2 . 8)
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The f i e l d  s t re ng th  p a r a m e t e r , ^ ,  i s  de f in ed  a s : -
^  /v^ (2 .9 )
For ^ > 1 ,  the  i n t e n s i t y  dependence o f  inve rse  bremsst rahlung due t o  the 
o s c i l l a t i n g  v e l o c i t y  o f  e le c t r o n s  i n  a la se r  f i e l d  can lead t o  a 
r e d u c t io n  o f  the  c o l l i s i o n  abso rp t io n  e f f i c i e n c y .  However, f o r  the 
range o f  i n t e n s i t i e s  used here ,  '^<1,  t h i s  problem does not a r i s e .  
C a l c u la t i o n  o f  the  abso rp t io n  ra te  (a^)  f rom the e f f e c t i v e  e l e c t r o n - i o n  
c o l l i s i o n  f requency ( i ^ ,  have concentrated  on c l a s s i c a l  [46 ,149 ]  and 
quantum [32 ,34,68,132,1353 express io ns .  Th is  i s  now discussed i n  
r e l a t i o n  t o  recent  work.
No t ing  t h a t  the c o l l i s i o n  f requency ,  e .g .  (2 .5 )
v^-, 0( (2 .1 0 )
where < > rep resen ts  an averaged e f f e c t ,  and t h a t  i n  (2 .4 )  on ly  the 
the rm a l  v e l o c i t y  component was cons idered.  I f  the  e l e c t r o n  motion in  
an e le c t ro m a g n e t ic  f i e l d  i s  taken i n t o  account ,  then
<v*> = + < 1 / 3 v / >  (2 .11)
For ^^1  i t  i s  expected t h a t
Comparison o f  (2 .12)  w i th  B ry s k 's  [313 numer ical  r e s u l t s  revea l  
agreement o f  the  e l e c t r o n - i o n  c o l l i s i o n  f requency t o  be w i t h i n  10% up 
t o  va lues  o f  ^7=10. Also (2 .12)  i n d i c a te s  the  c o l l i s i o n  f requency to  
sca le  as v^“ ^ or E o r  and thus  expect  t h a t  a b s o rp t io n  by
inve rse  bremsst rahlung t o  drop o f f  r a p i d l y  w i th  i n t e n s i t y  I ^ ;  f o r  
example 7>1 im p l i e s  a bso rp t io n  t o  be down by a f a c t o r  o f  two from i t s  
low i n t e n s i t y  va lue i n  ( 2 . 4 ) .  The consequence of  t h i s  w i l l  be made 
apparent  l a t e r  ( $ 4 ) .
The d e n s i t y  s c a le - l e n g th  v a r i a t i o n  o f  inve rse  bremsstrahlung has 
been discussed by Faehl & Roder ick [693 and i s  seen t o  be s i g n i f i c a n t
-2 9 -
onLy where the  scaLe-Lengths are Longer than a few wavelengths ( L » ^ ^ ) - 
Th is  r e s u l t s  in  an inhomogeneous stand ing wave p a t t e r n ,  which i s  shown 
[1293 t o  be remarkably c lose t o  an A i r y  p a t t e r n  [7 8 ,5 13 ,  f o r  a wide 
range o f  c o n d i t i o n s .  The paper [693 a ls o  examines the  i n t e n s i t y  
m o d i f i c a t i o n s  induced by t h i s  nonuni form s tand ing  wave i n  the  plasma 
both by a s imple a n a l y t i c  model and exact  1-D c a l c u l a t i o n s .  F igure 2.1 
shows the  dependence o f  the  abso rp t ion  c o e f f i c i e n t  w i th  s c a le - le n g th  
f o r  f i e l d  s t re ng th  parameter ^ = 1 .  The s o l i d  l i n e  rep resen ts  the  
eva lua ted  r e s u l t s  from model equat ions [693 .
In  co n c lu s io n ,  i t  has been shown t h a t  the  a bs o rp t ion  c o e f f i c i e n t  
i s  dependent on the f i e l d  s t reng th  parameter , '>7 ,  and consequent ly  on 
the  i r r a d i a n c e  as
■ (2 .1 3 )
Also the  abso rp t io n  i s  seen t o  be s t ronge r  i n  reg ions  o f  la rge 
d e n s i t y  s c a le - l e n g th s .
2 .2 .2  RESONANCE ABSORPTION
Elementary plasma phys ics i n d i c a t e s  many phenomena t o  be 
independent  o f  p a r t i c l e  c o l l i s i o n s .  One such phenomenon i s  the  
convers ion  o f  an e le c t rom ag ne t ic  wave i n t o  an e l e c t r o s t a t i c  wave by a 
' l i n e a r  p ro c e s s ' .  Th is  i s  a general  e f f e c t ,  but the  most d ramat ic  form 
occurs i n  lase r  plasma i n t e r a c t i o n s  a l though i t  was f i r s t  d iscussed i n  
connec t ion  w i th  the p ropagat ion  of  rad io  waves i n  the  ionosphere ( c . f .  
Budden [31 3 ,  Denisov [49 3 ,  P i l i y a  [1343 & Ginzburg [ 7 6 3 ) .  The ideas 
behind the  mechanism are q u i t e  s imple though a f u l l  d is c u s s io n  re q u i re s  
some ra th e r  lengthy  a lgeb ra ;  hence the  abb rev ia ted  e x p l a n a t i o n : -




L / A ,
FIGURE 2.1 : C a lc u la ted  abso rp t io n  c o e f f i c i e n t  as a f u n c t i o n  o f
normal ised s c a le - le n g th ( s e e  t e x t ) .
FIGURE 2.2  : P -p o la r i s e d  EM wave i n c i d e n t  on plasma.
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Consider an e lec t rom ag ne t ic  wave i n c id e n t  o b l i q u e l y  on an 
inhomogeneous plasma and p o la r i s e d  so t h a t  i t s  e l e c t r i c  f i e l d  l i e s  i n  
the  p lane of  inc idence  as i n  F ig .  2 .2 .
Let  the  plasma have a l i n e a r  g ra d ie n t  a long the  z - d i r e c t i o n ,
n^ = n ^ ( 1 - z / L )  (2 .14)
and cons ide r  the  case o f  ob l iqu e  angle ( 6 ) o f  in c id e n ce .  A d e t a i l e d  
t re a tm en t  o f  t h i s  i s  presented by Ginzburg [ 7 6 ] ,  r e s u l t s  o f  which are 
as f o l l o w s : -
( i )  In  the  case o f  the  e l e c t r i c  v e c to r  o f  i n c id e n t  r a d i a t i o n  
p e rp e n d icu la r  t o  the  plane of  inc idence  ( s - p o l a r i s e d ) ,  F ig .  
2 . 3 ( a ) ,  IE*! o s c i l l a t e s  i n  the  re g ion  z<z^ ,  where the 
r e f r a c t i v e  in dex ,  n^^p ,  i s
n ^ ^  = J e ( w , ^  ) = s in  0 (2.15)
For z>Zp the  e l e c t r i c  f i e l d  decay e x p o n e n t i a l l y  as i n  F ig .  
2 . 3 ( b ) .
( i i )  In  the case of  the  e l e c t r i c  v e c to r  p a r a l l e l  t o  the  p lane of
in c idence  ( p - p o l a r i s e d ) .  F ig .  2 . 3 ( c ) ,  IE%( o s c i l l a t e s  i n  the  
reg ion  z<z^ as befo re  and begins t o  decay e x p o n e n t i a l l y  as i t  
pen e t ra tes  f u r t h e r  but then i t  'grows* and has a s i g u l a r i t y  at 
the  p o in t  where the  p e r m i t t i v i t y  £ (w ,o )= o ,  the  c r i t i c a l  p o in t  n^ 
[see F ig .  2 . 3 ( d ) ] .  I f  c o l l i s i o n s  and tempera ture  e f f e c t s  are 
in c lu d e d ,  the s i n g u l a r i t y  i s  rep laced by a sharp resonance.  Th is  
la rg e  magnitude o f  the  e l e c t r i c  f i e l d  e x c i t e s  plasma
o s c i l l a t i o n s  which i n  t u r n  t r a n s f e r  t h e i r  energy t o  the 
e le c t r o n s  by Landau damping.
Ginzburg [76 ]  and o the rs  [51 ,8 2 ,1 3 5 ]  have c a l c u la te d  the
p e n e t r a t i o n  depth Zg t o  be s t r o n g ly  dependent on the  angle of  
in c id e n c e ,  0^ . Taking a l i n e a r  v a r i a t i o n  o f  the  d i e l e c t r i c  co n s ta n t .
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ê ' ( z ) ,  o f  the plasma as
gi ' (z) % 1-  4Tre"-n(z)/mw d + i ^ f f / w )  (2 .16)
f o r  = e(z )  -  i (Wp /w^)  Ve^/w (2 .17)
where e,m i s  the  charge and mass o f  e l e c t r o n ,  n^ i s  the  e l e c t r o n  
d e n s i t y ,  i s  the  e f f e c t i v e  number o f  e le c t r o n  c o l l i s i o n s  w i th
n e u t r a l  molecules and
w f  = 4ire^n/m« (2 .18)
i s  the  n a tu r a l  o s c i l l a t i o n  f requency o f  plasma o s c i l l a t i o n s .
For a slow l i n e a r  v a r i a t i o n  o f  e(z) a long z ,
t ’ ( z )  = -az -  i  /w (2 .19)
(where a>0 ; so f o r  z>0,  & ( z ) < 0)
At the  resonance p o in t  where e ( z ) = 0 ,  the  magnitude o f  the  e l e c t r i c  
f i e l d  s t re n g th  1E^l i s  g iven as
IE; !  = y ( t ) / [ j 2 r p  l ( a z + 1 v t w / w ) l ]  ( 2 . 2 0 )
where p=wc/a=k„L,  t=p '« .  =Cw/ca) ' 3^ s ine„ =(k„L)'^3 s i n 0
c-speed o f  l i g h t ,  a-plasma homogenei ty=1/L,  where L i s  the
s c a le - l e n g t h .
and the  Ginzburg f u n c t i o n  </>(T) i s  expressed i n  terms o f  the  A i r y
fu n c t i o n s  (see Ginzburg [76 ]  $20).
The dependence o f  the  maximum va lue o f  | Egj on the  angle of
inc iden ce  i s  thus g iven by the  f u n c t i o n  y ( t ) ,  which i s  shown i n  F ig .
2 .4 .
A p lo t  o f  optimum ang les ,  8 ,^,, f o r  v a r io u s  s c a le - l e n g th s  at
neodymium (A=1.06pm) and CO^ (X=10.6ym) lase r  wavelengths i s  shown i n
F ig .  2 . 5 .  The Figure i n d i c a t e s  optimum angles around 7® in c re a s in g  w i th
decreas ing  s c a le - le n g th  and always being l a r g e r  i n  the  case o f  COg.
la s e r  r a d i a t i o n .
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Z6,
(c)
Ex=Oj G y ^ o ;  E.%fO
2Jg = SlnG, i ê - 0
W)
FIGURE 2.3 : E l e c t r i c  f i e l d  component when an i n c id e n t  wave at 
angle i s  r e f l e c t e d  f rom an inhomogeneous laye r  
w i th  a l i n e a r  d e n s i t y  g r a d ie n t .
(a) & (b) s - p o la r i s e d  wave w i th  e l e c t r i c  ve c to r  
p e rpe n d ic u la r  t o  the  plane o f  i n c id en ce ,  
(c )  & (d) wave w i th  e l e c t r i c  v e c to r  i n  p lane o f  
i n c id e n c e C p -p o la r i  s e d ) .
- 3 4 -
FIGURE 2 .4
1-0 2 0
The f u n c t i o n  (p ( D  .
The parameter T = ( k p L ) ^  s in ©  
descr ibes  the  behav iour  o f  the  
f i e l d s  and resonant  a b s o rp t io n  i n  
p a r t i c u l a r ,  see Fig -  2 . 4 ,  and 
i n d i c a t e s  t h a t  the  maximum value  
o f  I Eg! f o r  maximum a b s o rp t io n  
occurs at
T  JCI.5 which i s  independent  
o f  the damping r a t e !







FIGURE 2.5 : Optimum angles f o r  resonance a bso rp t io n  versus
s c a le - le n g th  f o r  Nd and la se r  wave lengths.
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The maximum va lue o f  the  e l e c t r i c  f i e l d ,  
lEgl = 1 .2  vi/ J 2 tF(>
= 1 .2  w(2TTk.L) '^ /V»(^ (2 .23 )
and the  e f f e c t i v e  d imension o f  the resonance re g ion  from eqn(2 .19)  i s
Az = /wa = LV^^^/w (2-24)
The e f f e c t  o f  resonance a bso rp t io n  i s  t h a t  i n  the  case o f
p - p o la r i s e d  l i g h t ,  a bs o rp t ion  i s  tw ic e  as much as i n  the  case o f
s - p o l a r i s e d  l i g h t .
PONDEROMOTIVE FORCE :
From the  above d is cu ss io n  i t  i s  c le a r  t h a t  the  process o f  
resonance a bso rp t io n  g ives  r i s e  t o  a very l o c a l i s e d  and t h e r e f o r e  
s p a t i a l l y  inhomogeneous e l e c t r o s t a t i c  f i e l d .  I t  i s  o f  i n t e r e s t  t o  
examine the behaviour  o f  a plasma i n  such a f i e l d  on the  bas is  of  a 
s in g le  p a r t i c l e  model. The Loren tz  equat ion  o f  motion can be w r i t t e n  as
mdv/dt  = e C E ( r , t )  + v A B ( r , t ) 3  (2 .25)
where E ^ r , t )  = E^ ( r )cosw ^ t  (2 .26)
and B i s  the  magnet ic f i e l d .
To lowest  o rder (2 .25)  can be so lve d ,  n e g le c t i n g  the  magnet ic 
f i e l d  t o  g ive
V = Vo sinw t  (2.27)
where v^  = eEp/mw^ (2 .28)
i s  the  ' q u i v e r  v e l o c i t y * .
Taking the  n o n - r e l a t i v i s t i c  case,  where v ^ / c « 1 ,  we can use 
t o  so lve  t o  next  o rder  t a k i n g  i n t o  account  the  inhomogenei ty  o f  the 
f i e l d  and expanding E ( r )  about the  i n i t i a l  p o s i t i o n  o f  the  e l e c t r o n .
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i . e .
E ( r )  = E(r^ ) + (cfr-V)E + . . . (2 .29)
c(r = dt  = -  eEpCOSH^t/mw^ (2 .30)
So t o  second order
mdv^^^/dt = eC(d£.v)E(i ;  ) + y B(r^ ) ]
= - (e /m w *  )C(Eg.V)E cos^w, t  + E^ aV a  EoSin^w^tD (2 .31 )  
T im e-averaging  t h i s  equa t ion  g ives  an express ion  f o r  the  se cu la r  fo rce  
a c t i n g  on the  e l e c t r o n ,
< F > = ( - e ' /m w j  ) [  (E. .V) E„ + E .A V ^ E .  ]  (2 .32)
param et r ic  / D r i f t  along 
i n s t a b i l i t i e s  \  k
The f i r s t  term in  (2 .32 )  i s  due t o  the  excurs ions  o f  the  e le c t r o n  
i n  i t s  o s c i l l a t i o n  i n t o  reg ions  o f  d i f f e r i n g  f i e l d  s t r e n g th .  Th is  term 
vanishes i f  the  e le c t rom agn e t ic  wave i s  i n c i d e n t  norma l l y  on an 
inhomogeneous plasma. The second term i s  due t o  the  magnet ic f i e l d  o f  
the  i n c i d e n t  r a d i a t i o n  which d i s t o r t s  the  o r b i t  o f  the  e le c t r o n  and
causes a smal l  d r i f t  o f  the  e le c t r o n  i n  the  d i r e c t i o n  o f  the  wave.
R e -w r i t i n g  (2 .32)  as
< F > = -  CeV4mw^ ]  ^ ( E L . E . )  = - (e^ /2mw^ ) V <  E^ > (2 .33)mm Q M W *—O O
and summing over a l l  the  e le c t r o n s  i n  u n i t  volume g ives  <noF>=<Fp^>, 
the  ponderomot ive f o r c e ,  i . e .
< Fny > = - ( w ^ / W e  )7(E^/8TT) (2 .34)
There i s  a correspond ing fo r c e  on the  ions  which i s  m^/m^ t imes sma l le r  
and i s  t r a n s m i t t e d  t o  the  ions  v ia  the  s e l f - c o n s i s t e n t  f i e l d s  p rovided 
Fp^ v a r i e s  w i th  t ime more s lo w ly  than the  ion  plasma f requency .
Thus have now e s ta b l i s h e d  t h a t  t h e re  w i l l  be power fu l
ponderomot ive fo rces  a c t i n g  on the  plasma as a consequence o f  the 
resonant  f i e l d s  at  the  c r i t i c a l  s u r f a c e ,n ^ .  The outcome o f  t h i s  i s  the
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expuLsion o f  the  plasma f rom the  reg ion  o f  the  c r i t i c a l  su r face  le av ing  
behind i t  some so r t  of  a c a v i t y .  Evidence f o r  such a c a v i t y  fo rm a t ion  
was f i r s t  ob ta ined  f rom computer s im u la t io n s  at  L ivermore [243 .  The 
c a v i t y  fo rm a t io n  r e s u l t s  i n  a steep d e n s i t y  p r o f i l e  w i th  plasma 
pressure  g ra d ie n ts  being balanced by the  ponderomot ive f o r c e  
[6 6 ,7 1 -2 ,1 42 3 .
The i m p l i c a t i o n ,  o f  the  above, can lead t o  d e n s i t y  jumps from 
1/ 2ng t o  2n^ over a d is ta n ce  of  a wave length ,  which i n  t u r n  can lead t o  
s t rong  resonance a b s o rp t io n  [13 ,15 ,61 -2 ,82 ,111 ,126 ,1313  w i th  peaks over 
a wide range o f  ang les !  T h is  can a lso  r e s u l t  i n  e l e c t r o n  hea t ing  
[62 ,73-43  and high magnet ic f i e l d s  [121 ,149 ,151 ,1553 .  Other t h e o r e t i c a l  
t re a tm en t  f o r  resonance a b so rp t io n  a lso  e x i s t s  [97 ,110 ,115 ,120 ,1433 ,  
most o f  which take  the  e f f e c t  o f  d e n s i t y  p r o f i l e  i n t o  account .
2 .2 .3  PARAMETRIC PROCESSES
A pump f i e l d  o s c i l l a t i n g  at  f requency w^  w i th  a mode of  
o s c i l l a t i o n  at  w^ ,  which can couple t o  the  pump, produces bea t in g  at 
w^-w, . I f  a mode at  f requency
w^ = w* -  w^  (2 .35)
a lso  e x i s t s  then  pump coup l ing  w i th  t h i s  w i l l  genera te Wj.. In  p r i n c i p l e
can have va r io us  wave coup l ings  but the  s im p les t  and the  most im portan t
i s  the  above. Paramet r ic  e f f e c t s  are p a r t i c u l a r l y  impor tan t  i n  plasmas 
i n  view o f  the many p o s s ib le  modes, at  both h igh and low f requency ,  
which can be e x c i t e d .
The r e l a t i o n  (2 .35)  above expresses conse rva t ion  of  wave energy 
and i t s  c o u n te r p a r t ,
k^ = k/ + k,  (2 .36)
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where k  ^ are the  wave numbers, expresses the  conse rva t io n  o f  wave 
momentum.
The v a r io u s  coup l ing  mechanisms o f  i n t e r e s t  i n  la se r  produced 
plasmas are summarised below, where t  denotes an e le c t rom ag n e t ic  
t ra n s v e rs e  wave, I a langmuir  plasma wave and s an ion  a cou s t ic  wave, 
the  l a t t e r  two being l o n g i t u d i n a l .
( i )  t  ->  I + s p a ram et r ic  decay i n s t a b i l i t y  (PDI)
( i i )  t  ->  t ' +  s s t im u la te d  B r i l l o u i n  s c a t t e r i n g  (SBS)
( i i i )  t  ->  t ' +  I s t im u la te d  Raman s c a t t e r i n g  (SRS)
( i v )  t  ->  I + I two-plasmon decay i n s t a b i l i t y  (TPDI)
Figure  2 .6  shows reg ions  where these & o the r  processes occur on a 
d e n s i t y  p r o f i l e  p l o t .
Of p a r t i c u l a r  concern i s  the  s c a t t e r i n g  processes i n  which one of  
the  decay p roducts  i s  i t s e l f  a t ra nsve rse  wave (SBS or SRS) which 
leaves the  system and so t r a n s p o r t s  energy out of  the  system. These 
w i l l  be d e a l t  i n  subsequent s e c t i o n s .  Here, we con f in e  ou rse lves  t o  the  
a b s o rp t io n  mechanisms, PDI & TPDI.
The d is p e rs i o n  r e l a t i o n s  obeyed by the  waves t a k i n g  pa r t  a r e : -
t  w /  = w^ (z )  + k j  c^ (2 .37)
I w^ = w^ (z )  + k^ V| (2 .38)
s Wg, = kfCg (2 .39)
(where c i s  the  speed o f  l i g h t ,  i s  the  e l e c t r o n ' s  therm al  v e l o c i t y  
and Cj i s  the  ion  speed sound).  These have been p l o t t e d  i n  Figure  2.7 
on a (w-k)  p l o t .
Using Maxwe l l ' s  e q u a t io n s ,  the  growth ra tes  and th r e s h o ld s  f o r  the 
v a r io u s  processes above can be c a l c u la t e d .  E s s e n t i a l l y  the  th r e s h o ld
depends on the  product  of  the  damping ra tes  o f  the  two decay waves.
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Another genera l  p ro p e r ty  o f  such i n s t a b i l i t i e s  i s  t h a t  the  energy i s  
d i v id e d  between the  decay waves i n  p ro p o r t i o n  t o  t h e i r  f r e q u e n c ie s ,  a 
consequence o f  the  Manley-Rowe r e l a t i o n s  [463 .
Since wavenumbers only match, i n  g e n e ra l ,  around a c e r t a i n  va lue 
o f  z the  e f f e c t  i s  t o  make the system less uns tab le  than  the  
homogeneous e q u i v a le n t .  I f  the decay wave propagates i n  oppos i te  
d i r e c t i o n s  i t  i s  p o s s ib le  t o  have an 'a b s o lu te  i n s t a b i l i t y ' ,  i n  which a 
p e r t u r b a t i o n  grows i n  t ime at  a f i x e d  p o in t  i n  space. The growth ra te  
i s  le ss  than the  growth ra te  i n  a homogeneous plasma and depends on the  
s c a le - l e n g th  g r a d i e n t ,  as w e l l  as the  pump am p l i tud e .  I f ,  however, 
damping i s  la rge  and s c a le - l e n g th  shor t  t he re  may be a ' c o n v e c t i v e  
i n s t a b i l i t y ' .  In  t h i s  case a p e r tu r b a t i o n  l o c a l i s e d  i n  space does not 
grow i n  t im e .
(a) PARAMETRIC DECAY INSTABILITY ( t  ->  I + s )
Since w ^ - t h i s  process i s  con f ined  t o  the  re g ion  around the
c r i t i c a l  su r face  i n  o rder t o  s a t i s f y  the  matching c o n d i t i o n ( 2 . 3 5 ) .
Moreover s ince both decay products  are e l e c t r o s t a t i c  i t  can i n  p r i c i p l e  
c o n t r i b u t e  t o  the  a b s o rp t i o n .  On the o th e r  hand i f  the d e n s i t y  p r o f i l e  
i s  steepened then t h i s  im p l i e s  t h a t  the  r e l a t i o n ( 2 . 3 6 )  can on ly  be 
s a t i s f i e d  over a very  l i m i t e d  s p a t i a l  r e g io n ,  so reduc ing the
e f f e c t i v e n e s s  o f  pa ram et r ic  decay as an a b s o rp t io n  mechanism.
The theo ry  o f  PDI has been d e a l t  by Nishikawa [124-53 w i th  a
s i m i l a r  t rea tm en t  by Hughes [863 .
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FIGURE 2-6 : Plasma d ens i t y  p r o f i l e  p lo t ( s c h e m a t ic )
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FIGURE 2-7 : D ispe rs ion  curves f o r  waves i n s id e  a plasma- There
i s  one t ra n sve rse  waveCf requency w^) and two 
l o n g i t u d i n a l  wavesCfrequency Wg and w^) -
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(b) TWO-PLASMON DECAY INSTABILITY ( t  ->  L + L )
T h is  decay mechanism takes p lace near q u a r t e r  c r i t i c a l  where the 
i n c i d e n t  photon i s  converted i n t o  two plasmons at  f reque nc ies  c lose to  
Wq / 2.  The matching c o n d i t i o n s ( 2 .3 5 - 6 )  cannot be s a t i s f i e d  i n  
one-d imens ion.  The theo ry  has been given by Jackson [ 9 0 ] ,  Lee & Kaw 
[ 1 0 0 ] ,  L iu  & Rosenbluth [ 1 0 4 ] ,  Chen & L iu  [45 ]  and Avrov et a l  [ 9 ] -  
The homogeneous th r e s h o ld  i r r a d ia n c e  i s  g iven by
I  = 4*10"^ /w ,  ) n .  W/cm^ (2-40)/ ' 'e
where n^ i s  i n  cm '^ .
For k , ,  k%»ko [ i n  e q n - (2 -3 6 ) ]  the  two plasma waves t r a v e l  i n  
almost  oppos i te  d i r e c t i o n s ,  at about 45° and -135* t o  the  i n c id e n t  wave
v e c to r  kg and i n  the  plane d e f ined  by k^ and [see s k e tc h ] -  The
inhomgeneous th r e s h o ld  i s  g iven by [ 10]
^  / v j -  > 3 / ( k . L )  (2 .41)
and growth r a t e ,
% = k ,v ,  (2-42)
The two plasmon i n s t a b i l i t y  produces waves near 1 /4n^  w i th  
consequent h igh e l e c t r i c  f i e l d  f l u c t u a t i o n s  i n  the  re g ion -  The 
ponderomot ive fo rces  due t o  these f l u c t u a t i o n s  may r e s u l t  i n  a d e n s i t y  
c a v i t y  ( c a v i t o n )  around n^ which i n  t u r n  may reduce the  i n s t a b i l i t y  
growth ra te  and e v e n tu a l l y  quench i t -  A f t e r  the  c a v i t y  has moved o f f
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down the  d e n s i t y  g ra d ie n t  i n  the  expanding plasma, the  process 
r e s t a r t s .  D i rec t  exper imen ta l  obse rva t io ns  o f  the  decay waves generated 
by the  TPDI i n  plasmas i r r a d i a t e d  by in tense  CO^  la s e r  r a d i a t i o n ,  the  
m o d i f i c a t i o n  o f  the  d e n s i t y  p r o f i l e  and subsequent quenching has been 
made by B a ld is  et  a l  [ 1 0 ] .  In  most o the r  exper iments the  TPD 
i n s t a b i l i t y  has been i n f e r r e d  f rom the  3w/2 r a d i a t i o n  [ 3 3 , 8 8 ] -
2 .3  STIMULATED BRILLOUIN SCATTERING t  ->  t  + s
The parametr i c  convers ion  of  a la se r  photon i n t o  another photon 
and i o n - a c o u s t i c  photon i s  known as s t im u la te d  B r i l l o u i n  s c a t t e r i n g  
(SBS). Th is  may have ser ious  consequences f o r  la se r  plasma i n t e r a c t i o n s  
s ince  i t  poses a t h r e a t  t o  the  e f f i c i e n t  a bso rp t io n  o f  l i g h t  by the  
plasma due t o  much s c a t t e r i n g  i n  the  backward d i r e c t i o n -  For a 
homogeneous plasma h ighest  growth ra tes  occur when the  t ra nsve rse  decay 
wave i s  i n  oppos i te  d i r e c t i o n  t o  the  i n c i d e n t  wave ( r e c a l l  E^ocw^)- 
U n l i k e  the  paramet r i c  decay i n s t a b i l i t y  which i s  i n h e r e n t l y  a 
two -d im ens iona l  process and takes p lace only near n^^, SBS can occur 
th roughou t  the  underdense reg ion  and need on ly  occur i n  one dimension-  
The matching of  k v e c to rs  i s  shown s c h e m a t ica l l y  i n  F ig -  2 -8 -
FIGURE 2-8 : Matching of  k v e c to rs
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Since l k o l ~ l k ,  I i t  f o l l o w s  t h a t  k,-- k* and thus  k ^ - 2 k ^ . The 
matching c o n d i t i o n s ( 2 .3 5 - 6 )  have been represented i n  a w-k p l o t  i n  F ig .  
2 . 9 .  From the Figure i t  can be seen t h a t  matching i s  s a t i s f i e d  over a 
wide range of  w and k.  Since w^»w^ very l i t t l e  of  the  i n c i d e n t  energy 
i s  t r a n s f e r r e d  t o  the  ion  wave. Thus SBS poses a t h r e a t  t o  any scheme 
t o  heat and compress mat te r  us ing la s e r  r a d i a t i o n  and consequent ly  
rece ived  much a t t e n t i o n  both t h e o r e t i c a l l y  [5 1 ,6 8 - 7 0 ,9 1 ,1 0 5 -6 ]  and 
e x p e r im e n ta l l y  [114 ,122 ,128-93 .
FIGURE 2-9 : Matching c o n d i t i o n s  f o r  SBS.
For a s t a t i o n a r y  plasma the c h a r a c t e r i s t i c  s ig n a tu re  f o r  SBS would 
be a red s h i f t  i n  the  sca t te re d  r a d i a t i o n  at w^  by the  amount o f  the 
ion  wave f requency .  In  lase r  plasma i n t e r a c t i o n s ,  however,  the  plasma 
expands outwards g i v i n g  r i s e  t o  a b lue Doppler s h i f t  and thus  net  s h i f t  
can be e i t h e r  b lue or red depending on f lo w  being sub- or su p e r - s o n ic .
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In  an inhomogeneous plasma i t  i s  the  d e n s i t y  g ra d ie n t
s c a l e - l e n g t h ,  L,  which e f f e c t i v e l y  determines the  i n t e n s i t y  t h r e s h o ld  
and an approximate f i e l d  s t re ng th  parameter f o r  t h i s  case [91 ,106 ]  i s
(v^/v^ )^ = 4 / ( k , L )  (2 .43)
where i t  i s  assumed t h a t  the  temperature s c a le - le n g th  i s  much g re a te r
than L .  Thus expect i n s t a b i l i t y  t o  be a se r io us  problem f o r  plasmas
generated  by long pu lses ,  where s c a le - le n g th s  are r e l a t i v e l y  l a r g e r .
However, measurements showing a less  ra p id  increase  i n  SBS than
expected can be accounted f o r  by ion  wave damping [ 9 6 ] .  I t  i s  suggested
t h a t  the  ion  wave damping leads t o  increased ion  tempera ture  T  ^ wh ich ,
i n  t u r n ,  im p l i e s  increased Landau damping o f  the  ion  wave and so
reduced growth ra te  of  the  SBS i n s t a b i l i t y  (see a lso  Cairns [35 ]  and
Evans [ 6 4 ] ) .  Manheimer and Colombant [112]  c a l c u la t e  the  SBS
i n s t a b i l i t y  th resh o ld s  f o r  the  inhomogeneous case,  showing t h a t  a
g ra d ie n t  i n  the  plasma expansion v e l o c i t y  i s  p a r t i c u l a r l y  e f f e c t i v e  i n
reduc ing SBS.
2 .4  STIMULATED RAMAN SCATTERING t  ->  t  + I
The paramet r i c  convers ion  o f  a la se r  photon i n t o  a lower energy 
photon and a plasmon i s  known as s t im u la te d  Raman s c a t t e r i n g  (SRS). 
U n l i k e  SBS t h i s  i s  more l o c a l i s e d  s ince the  f requency matching 
c o n d i t i o n s ( 2 . 35- 6) imply the  in c id e n t  wave f requency t o  be tw ic e  the 
plasma f requency (see F ig .  2 . 1 0 ) .  Thus SRS on ly  occurs at  e le c t r o n  
d e s i t i e s  not exceeding a q u a r t e r - c r i t i c a l  ( 1 /4 n < ) .  Moreover, s ince the 
decay p roduc ts  have roughly  equal f r e q u e n c ie s ,  not more than  Wo/2,  then 
not  more than 50% o f  the i n c id e n t  energy,  from the Manley-Rowe 
r e l a t i o n s ,  i s  s c a t te re d .
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FIGURE 2.10  : Matching c o n d i t i o n s  f o r  b a c k s c a t te r  SRS.
SRS has maximum growth ra te  at  n=n^ /4  and f o r  n<n^/4 s t rong
damping g ives  reduced b a c k s c a t t e r .  The th e o ry  o f  SRS has been d e a l t  by
L iu  e t  a l  [ 1 0 6 ] ,  Drake et  a l  [51 ]  and o th e rs  [ 8 0 , 8 4 ] .  The th r e s h o ld
i r r a d i a n c e  at  which SRS abso lu te  b a c k s c a t te r  i n s t a b i l i t y  develops 
i s  r e l a t e d  through the  q u i v e r  v e l o c i t y  ( 2 . 8) t o  t he  d e n s i t y
s c a l e - l e n g t h  L by the  c o n d i t i o n :
w i th  growth ra te = k„v „ / 2
(2 .44 )
(2 .45 )
For s id e s c a t t e r  the  th re s h o ld ,  i s  lower than t h a t  i n  ( 2 . 4 4 ) .  The 
Raman i n s t a b i l i t y  should generate  s c a t te re d  l i g h t  at a f requency  c lose
t o  Wo/2 and exper iments at  RAL [56 ]  and Lebedev [9 3 ]  have de tec ted
t h i s .  Forward SRS [92 ]  may be im po r tan t  as i t  i s  not h e a v i l y  damped so 
i t  could  be d r i v e n  t o  h igh am p l i tude s .  Also i t  has a h igh phase
v e l o c i t y  a c c e l e r a t i n g  t rapped  p a r t i c l e s  t o  h igh v e l o c i t i e s .  Th is
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e v e n t u a l l y  r e s u l t s  i n  a ponderomot ive plasma expu ls io n  f rom n&/4 reg ion  
and a decrease i n  s c a le - l e n g t h ,  u n t i l  i t  f i n a l l y  ceases as the  
t h r e s h o ld  becomes la rg e .
As po in ted  out e a r l i e r  ($2 .2 .3 )  two plasmon decay i n s t a b i l i t y  
(TPDI) a lso  takes p lace at the  q u a r t e r - c r i t i c a l  d e n s i t y  and can a lso  
produce Wo/2 plasmons along w i th  SRS. The coalescence o f  t h re e  plasmons 
or an i n t e r a c t i o n  o f  a photon w i th  an Wq/2  plasmon may produce 3w/2  
which can then  leave the system. The 3w/2 emission f rom la se r  produced 
plasmas was detec ted  [39 ,4 1 ,103 ,116 -7 ]  be fo re  w/2 and r e s u l t s  show t h a t  
SRS i s  more s i g n i f i c a n t  f o r  la rge s c a le - l e n g th s .
2 .5  SECOND & HIGHER HARMONIC GENERATION
2.5 .1  INTRODUCTION
Non l inear  i n t e r a c t i o n s  o f  e lec t rom agne t ic  waves w i th  a plasma 
desc r ibe d  above can lead t o  anomalous a bs o rp t ion  o f  la se r  r a d i a t i o n  
[135 ]  and the defo rm at ion  o f  the spectrum o f  the r a d i a t i o n  r e f l e c t e d  
f rom the  plasma. The l a t t e r  has been s tud ie d  i n  cons ide rab le  d e t a i l .  In  
p a r t i c u l a r ,  de fo rmat ion  o f  the  spec t ra  near the  la s e r  f requency 
[2 2 ,4 8 ,9 4 ,1 5 6 ]  and second harmonic gen e ra t ion  [42 ]  were observed.  The 
p resen t  s e c t i o n  i s  devoted t o  a b r i e f  i n t r o d u c t i o n ,  w i th  subsequent 
s e c t i o n s  dea l ing  w i th  p a r t i c u l a r  t h e o r ie s  on the  s u b j e c t ,  w i th  a 
ment ion o f  h igher harmonic genera t ion  i n  Laser produced plasmas.
In  a homogeneous i s o t r o p i c  plasma, the  process
t  + t  ->  t  (2 .46)
o f  coalescence of  two t ra nsve rse  waves t  w i th  f requenc ies  w' and w" and
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wavevectors k '  and k" i n t o  a t ransverse  e le c t rom agne t ic  wave, t ,  w i th  
f r e q u e n c y ,  w, and wavevector ,  k ,  i s  fo rb idd en  [152 ]  because matching 
c o n d i t i o n s ,
w' + w" = w ( 2 . 47)
k '  + k"  = k (2 .48)
are not s a t i s f i e d .  These c o n d i t io n s  can be i n t e r p r e t e d  as energy and 
momentum conse rva t io n  laws.
The gene ra t ion  o f  a t ransve rse  e le c t rom agne t ic  wave w i th  the
doubled f requency w=2w ( w*=w"=Wq) i n  such a plasma i s  p o s s ib le  only  i f  
a t  lea s t  one of  the  combining waves i s  a l o n g i t u d i n a l  o s c i l l a t i o n .  I ,  
w i th  a f requency w equal t o  the f requency o f  the  t ra n sve rse  wave. The 
processes which are then p o s s ib le ,  o f  coalescence o f  a plasmon. I ,  w i th  
e i t h e r  i t s e l f  or a t ransve rse  wave, t ,  i n t o  another  t ra nsve rse  wave:-  
t  + I ->  t '  ,  I + I ->  t '  (2.49)
In  an inhomogeneous plasma, the  wave ve c to r  s t i l l  depends on the  
c o o r d in a te s ,  so t h a t  the matching c o n d i t i o n  (2 .48)  i s  s a t i s f i e d  on ly  
f o r  c e r t a i n  p o in ts  i n  space. I f  the re  are no such p o in t s  on the  
e l e c t r o n  d e n s i t y  p r o f i l e ,  then the  p r o b a b i l i t y  o f  the  e f f e c t  i s
e x p o n e n t i a l l y  sm a l l .  The second harmonic energy f l u x  i s  p r o p o r t i o n a l  t o  
the  energy f l u x e s  of  the i n t e r a c t i n g  waves and i s  s i g n i f i c a n t  only  when 
the  i n t e n s i t y  le v e ls  of  the  e le c t r o n  plasma o s c i l l a t i o n s  and the 
t ra n s v e rs e  waves are high enough. T h e re fo re ,  i n  o rder t o  generate the 
second harmonic e f f e c t i v e l y  i t  i s  necessary,  t h a t  a power fu l  
l o n g i t u d i n a l  wave be formed and th a t  the re  e x i s t s  a p o in t  on the 
e l e c t r o n  d e n s i t y  p r o f i l e  where the matching c o n d i t i o n s  (2 .4 7 -8 )  are 
f u l f i l l e d  f o r  one of  the  processes i n  (2 .49)
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2 .5 .2  CAIRNS' THEORY
B r i e f l y  Cairns [37 ]  theo ry  assumes th a t  plasma waves generated by 
resonant  abso rp t io n  at  n<^ couple t o  a se r ie s  o f  s ide-bands v ia  an
ion-sound wave. The r e s u l t a n t  broadening o f  the  plasma wave spectrum 
be ing r e f l e c t e d  i n  the  second harmonic(2w) emission-  Also i f  the  ion  
sound wave propagates outwards,  then f o r  s u i t a b le  parameters,  a la rge  
number o f  s ide-bands on the long-f requency s ide are e x c i t e d  and 
consequent ly  r e f l e c te d  i n  the  2w emission.  The t h e o r e t i c a l  model i s
b r i e f l y  d iscussed below.
The second harmonic can be generated as a r e s u l t  o f  coalescence of  
a photon and a plasmon,
t  + I ->  t *  (2 .50)
The dominant mechanism of  plasma wave g e n e ra t i o n ,  near the  
c r i t i c a l  su r face  ( n ^ ) ,  i s  resonant  a bso rp t ion  as steepening o f  the
d e n s i t y  p r o f i l e  occurs ($2 . 2 . 2) du r ing  la s e r  plasma i n t e r a c t i o n s ,
making the  decay i n s t a b i l i t y  i n e f f e c t i v e .  In  a s t a t i o n a r y  plasma one 
expects plasmons t o  have the same f requency as t h a t  of  i n c id e n t  photons 
t o  s a t i s f y  matching c o n d i t i o n ( 2 . 3 5 ) . However, heat f l u x  i n s t a b i l i t i e s  
and o th e r  mechanisms may generate ion  sound waves a long w i th  plasmons 
w i t h  a d i f f e r e n t  f requency near n^.
The the o ry  cons iders  a 1-D model where the  d e n s i t y  v a r i e s  a s : -
ng(x)  + n ^ ( x , t )  (2 .51)
where n^ i s  the  average den s i t y  which v a r ie s  l i n e a r l y  outwards
n^(x )  = n^(1 -  x /L )  (2 .52)
where n^  ^ i s  the  d e n s i t y  at  the c r i t i c a l  su r face  and L i s  the  
s c a l e - l e n g t h .
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The fluctuating density n^ is the result of an ion sound wave and 
varies according to
n ,  = + n ?  ( x ) e " ^ ^  (2 .5 3 )
where n ^  is the complex conjugate and s i. is the ion sound frequency. 
The plasma velocity v^ varies in a similar manner.
An o s c iL L a t in g  h ig h - f req uen cy  f i e l d  Eg,e"^^ a long the  d e n s i t y  
g r a d i e n t ,  produced by an o b l i q u e l y  i n c id e n t  component o f  the  lase r  
r a d i a t i o n ,  d r i v e s  the  plasma waves near n ,^ -  The l i n e a r i s e d  equat ions 
f o r  the  e le c t r o n  response can then be w r i t t e n : -
dn /d t  + d /d x [ ( n o + n \ ) v ]  = 0 (2 .54)
d v /d t  + v -d v /d x  = e/m(E+Eoe‘'*^  ^ ) -  3T, dn/dx (2.55)
dE/dx = ne/f^ (2 .56)
where n and v represent  e le c t r o n  d en s i t y  and v e l o c i t y  r e s p e c t i v e l y .
Assuming n = z. n. e (2 .57)
i  *
i . e .  sum over a l l  e l e c t r o n ,  langmuir  and i o n - a c o u s t i c  o s c i l l a t i o n s .
S i m i l a r l y  f o r  v and E one ob ta in s  a s i m i l a r  set o f  e qu a t ions .
Using the  c o n t i n u i t y  equa t ions  r e l a t i n g  n - and v  ^and t a k i n g  the
Debye length  as the  s h o r te s t  c h a r a c t e r i s t i c  length  f o r  v a r i a t i o n  o f  E* ,  
then  can neg lec t  coup l ing  terms i n v o l v i n g  v- as smal l  i n  comparison t o  
those i n v o l v i n g  n^.  With change of  v a r i a b l e s  y=x /L  g ives
pd^E /dy  + ( y - 2 l ‘H/w)E^ = e e " ‘‘"^ E^_, + E e''^^ + d r i v i n g  terms (2.58)
where = 3 v ^ / ( w ' ^ )  (2 .59)
and K, the  wavenumber of  ion  sound wave i s  i n  u n i t s  o f  1 /L .  I f  the
e le c t r o n  tempera ture  i s  taken i n  keV and L i n  u n i t s  o f  A * ( i n c i d e n t
wave length)  then
p s= 1 .5 *1 0 ''’ T/L^ (2 .6 0 )
The set  o f  equ a t ion s (2 .58 )  desc r ibes  the  g ene ra t ion  o f ,  and
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coupLing amongst, a set  o f  plasma waves o f  f requenc ies  d i f f e r i n g  from 
the  Laser f requency by m u l t i p l e s  o f j z ,  the  ion  sound f requency .
Numerical r e s u l t s  can be obta ined  f o r (2 .58)  us ing the  boundary 
c o n d i t i o n s  t h a t
( i )  E decays f o r  n>n^ and
( i i )  behaves l i k e  outward p ropagat ing  wave f o r  n<n^
Obvious ly a s o l u t i o n  w i l l  be dependent on parmeters p , & ,  -A/w and 
K where the  l a t t e r  two are r e l a te d  through the  d i s p e r s i o n  r e l a t i o n *  
Numer ical r e s u l t s  i n d i c a t e  s o lu t i o n s  s e n s i t i v e  t o  changes i n  K, 
c o n t r o l l i n g  the  e f f e c t i v e n e s s  w i th  which energy i s  t r a n s f e r r e d  from 
d r i v e n  modes i n t o  low f requenc ies  reaching  a maximum f o r  K=35. Near the 
c r i t i c a l  su r face  the  wavenumber o f  the  plasma i s  [113]  2 /3Fp^^^ ( i n
u n i t s  o f  1 /L )  which i s  3 9 .5 ,  i . e .  expect maximum t r a n s f e r  f o r  s i m i l a r  
va lue  of  K, which was found t o  be the  case! Since k ot at  c r i t i c a l
su r face  expect  t h a t  the  optimum va lue o f  K t o  vary s i m i l a r l y .
I f  p and K are f i x e d ,  then the  w id th  o f  plasma wave spectrum i s  
found t o  increase  w i th  p e r m i t t i v i t y  i  . However, as the  mode coup l ing  
v a r ie s  as one expects s i m i l a r  s p e c t ra l  shape f o r  constant
but not i d e n t i c a l  because d r i v i n g  terms sca le d i f f e r e n t l y .
The s p e c t ra l  broadening and s h i f t  i n  second harmonic emmision i s  
thus  a consequence o f  the  corresponding broadening and s h i f t  i n  the 
spectrum of  plasma waves e x c i t e d  near the  c r i t i c a l  s u r fac e .  The 
wavelength s h i f t  i n  the  second harmonic spectrum i s  g iven by
cfX/A^ = 1/4*JVw„ (2 .61)
where Ao i s  the  la se r  wavelength a n d i s  the  f requency s h i f t .  I f  the  
e f f e c t s  o f  plasma mot ion are neg lec ted ,  the  io n  sound f requency i s
^  = (Z/A)'-^"' (m^/m. )Vg k,s = (Z/A)'^"" (m,/mu)^^ K(p/3)''^=" w^ (2 .62)
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where K being the  ion-sound wavenumber i n  u n i t  o f  1 / L .  As the  most 
im p o r ta n t  va lue  o f  K i s  2 /3 i r  ,  as argued above,  then
(TA= 47A .  p *  A (2 .63 )
= 4 7 A , [ 1 . 5 * 1 0 ' ^ T /L  Â (2 .64 )
where A/Z"^2, T i n  keV and L i n  u n i t s  o f  .
For a moving plasma cfA may change and i t  would be p o s s ib le  f o r  
ad jacen t  s ide-bands t o  be a few Â a p a r t ,  the  t o t a l  2w spectrum being  
b u i l t  up f rom ten  or more such bands.  T h is  would g iv e  r i s e  t o  e x t r a  
s t r u c t u r e  i n  the  2w spectrum.
The consequences o f  these r e s u l t s  are d iscussed l a t e r ( $ 4 )  f o r  
neodymium and CO^  la s e r  produced plasmas.
2 .5 .3  THEORY OF PARAMETRIC PLASMA RESONANCE
INTRODUCTION :
Many au thors  have concerned themselves  w i th  the  th e o ry  of
pa ram e t r ic  plasma resonance le ad in g  t o  the  e x c i t a t i o n  o f  the
l o n g i t u d i n a l  p e r t u r b a t i o n .  Amongst the  f i r s t  was t h a t  by DuBois and 
Goldman [52 ]  based on a cumbersome Feynmann diagram techn ique  o f
quantum s t a t i s t i c s  and they  l a t e r  adopted a k i n e t i c  approach [ 5 3 ] ,  Lee 
and Su [102 ]  i n  t h e i r  approach,  used the  hydrodynamic equa t ions  o f  a 
c o l l i s i o n l e s s  charged f l u i d .  Nishikawa [125 ]  a l lowed  f o r  c o l l i s i o n s  of  
charged p a r t i c l e s ,  a fundamental  c h a r a c t e r i s t i c  o f  pa ram e t r ic  resonance 
i n  weak f i e l d s .  A d e t a i l e d  the o ry  of  the  p a ram e t r ic  i n s t a b i l i t y  o f  a 
f u l l y  i o n is e d  plasma w i th  regards t o  the  e x c i t a t i o n  o f  l o n g i t u d i n a l  
p e r t u r b a t i o n s  i n  a weak f i e l d  was b u i l t  up i n  the  paper of  Andreev,
K y r i i  and S i l i n  [ 5 ] .  Here the  paper by S i l i n  [146]  i s  rev iewed.
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SILINS'  THEORY :
The second harmonic can a r i s e  as a r e s u l t  o f  another coalescence 
p rocess ,  t h a t  o f  two e le c t r o n  langmuir  waves,
I +. I ->  t  (2 .65)
One source of  the  g en e ra t io n  o f  in tense  e le c t r o n  langmui r  o s c i l l a t i o n s  
i s  the  p a ram e t r ic  b u i ld u p  o f  plasma o s c i l l a t i o n s  i n  the  presence o f  a 
pow er fu l  e le c t rom a g n e t i c  wave [ 5 , 1 3 5 ] .  The mechanism o f  p a ram e t r ic  
b u i l d u p  c o n s i s t s ,  f o r  example,  i n  decay o f  an i n c i d e n t  e le c t ro m a g n e t i c  
wave i n t o  e l e c t r o n  plasma o s c i l l a t i o n s  and ion-sound o s c i l l a t i o n  (a 
n o n - l i n e a r  t r a n s f o r m a t i o n ) .  According  t o  the  r e s u l t s  o f  Pus tova lov  and 
S i l i n  [135 ]  the  l o n g i t u d i n a l  wave ampl i tude  i s  at  a maximum along the 
e l e c t r i c  f i e l d  i n t e n s i t y  vec to r  o f  the  r a d i a t i o n  i n c i d e n t  on the  
p lasma. Thus expect  the  second harmonic r a d i a t i o n  due t o  pa ram e t r ic  
resonance t o  be d i r e c t e d  p e rp e n d ic u la r  t o  the  i n c i d e n t  l i g h t  beam. The 
th e o ry  presen ted  by S i l i n  [146 ]  takes  the  s i t u a t i o n  where the  f requency 
o f  the  e x te r n a l  f i e l d  i s  c lose t o  the f requency o f  p lasmons,
Iw,-Wp I «  w^ (2 .66 )
n o t i n g  t h a t  r e l a t i v e l y  long-wave o s c i l l a t i o n s  grow when the  
e x t e r n a l - f i e l d  f requency approaches w^ . Also assumed i s  t h a t  the  
wavelength o f  t h i s  o s c i l l a t i o n  i s  much g r e a te r  than  the  Debye 
wavelength  o f  e l e c t r o n s .
In  common w i th  o th e r  t h e o r i e s  o f  p a ra m e t r ic  resonance i n  a plasma, 
the  spectrum o f  the  l o n g i t u d i n a l  o s c i l l a t i o n s  and the  co rrespond ing  
i n s t a b i l i t y  c o n d i t i o n  f o r  a f u l l y  i o n is e d  plasma are de te rmined by the  
c o n d i t i o n s  t h a t  a s o l u t i o n  e x i s t s  f o r  the  set  o f  equa t ions  f o r  the  
e l e c t r o n  and io n  charge d e n s i t i e s  n^  ^ and n- . For a weak f i e l d ,  v^>v^ 
and a p p ro p r ia t e  app rox im a t io ns  lead t o  the  d i s p e r s i o n  e qua t ion  o f
-5 3 -
pLasmons and consequent ly  an express ion  f o r  the  d i e l e c t r i c  constant
^ = 1 -  (1+ iv /w ^ )  (2 .67 )
The d i s p e r s i o n  r e l a t i o n  p r e d i c t s  the  e x is tence  o f  an a p e r io d i c  
i n s t a b i l i t y  at <w^ j u s t  as the  hydrodynamic the o ry  o f  pa ram e t r ic  
resonance [125 ]  does,  though the  r e l a t i o n  so ob ta ined  in c lu d e s  the  
e f f e c t  o f  therm al  motion o f  i o n s .
The consequences of  the d i s p e r s i o n  equa t ion  f o r  p a ram e t r ic  plasma 
i n s t a b i l i t y  a r e : -
( i )  an i n s t a b i l i t y  i s  produced ag ins t  the  b u i ld u p  o f  o s c i l l a t i o n s  
w i t h  f re qu e nc ies  equal t o  zero and w^ f o r  which the  minimal  
t h r e s h o ld  i n t e n s i t y  o f  the  e x te r n a l  f i e l d  i s  determined on ly  by 
the  f requency o f  e l e c t r o n - i o n  c o l l i s i o n s  -  o s c i l l a t i o n s  at  w^  
can be d i s t i n g u i s h e d  f rom the  e x te r n a l  f i e l d  by t h e i r  phase 
s h i f t s .
( i i )  an i n s t a b i l i t y  connected w i th  growth o f  almost  p e r i o d i c  
o s c i l l a t i o n s  i s  p o s s ib le  when w^>w^. Here,  depending on the  
c o l l i s i o n  f requency and on the  f requency d e v i a t i o n ,  two 
p o s s i b i l t i e s  a r i s e : -
(a)  under the  decay c o n d i t i o n s  (Sw =w  ^) the  o s c i l l a t i o n s  w i th  
f re qu e nc ies  w and w-w* inc rease  w i th  w=Wo,and
(b)  o s c i l l a t i o n s  w i th  f requ enc ies  w+w* and w-Wo are p o s s ib le  
w i th  approx im a te ly  equal a m p l i t u d e s ,  w h i l s t  w can g r e a t l y  
exceed the  i o n - a c o u s t i c  f requency even at  the  t h r e s h o l d .
The o s c i l l a t i o n  b u i ld u p  i n  a plasma, i n v e s t i g a t e d  i n  [ 5 ,1 4 6 ]  can 
lead t o  the  appearance o f  a t u r b u l e n t  s t a t e ,  and consequent ly  t o  a 
n o n l i n e a r  a bs o rp t io n  (and r e f l e c t i o n )  o f  the  e x te r n a l  f i e l d ;  i n  the  
case o f  la s e r  produced plasmas, t h i s  can lead t o  p a ram et r ic  a b s o rp t io n  
and harmonic emiss ion .
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The above the o ry  o f  param etr ic  resonance o f f e r s  a p o s s i b i l i t y  o f  
d e te rm in in g  the  dependence o f  s h i f t  o f  the i n t e n s i t y  maximum o f  the  
second harmonic l i n e  on such parameters as the  e le c t r o n  te m pe ra tu re ,  
,  ion  content  and r a d i a t i o n  f l u x ,  [ 1 3 6 ] .  A compar ison o f  the  
expe r im en ta l  s h i f t  o f  2w w i th  the  t h e o r e t i c a l  fo rmu la  makes i t  p o s s ib le  
t o  determine the  tempera ture  f o r  a g iven  l a s e r - r a d i a t i o n  f l u x ,  I©- 
The red s h i f t  gw i s  determined by the  express ion  by K rokh in  [95 ]  [ c f .  
S i l i n  [ 1 4 6 ] ,  e q n . ( 9 . 9 ) ] .
sw = j3Wp; CVt^/c^ + ( v /  w , /4 c^Aw.(x ) ) ]  (2 .68 )
where w^ - i s  the  io n  plasma f re qu ency ,  i s  the  e l e c t r o n  the rm a l  
v e l o c i t y ,  c i s  the  speed o f  l i g h t ,  i s  the  amp l i tude  o f  the  v e l o c i t y  
o f  the  e l e c t r o n  o s c i l l a t i o n  i n  the  i n c i d e n t  e le c t ro m a g n e t i c  f i e l d  and 
Aw*(x )  i s  the  detun ing
AWo = Wq -  Wp(x) '=' w^(x /2L)  (2 .69 )
(where L i s  the  c h a r a c t e r i s t i c  d imension o f  the  plasma inhomogene i ty )  
i s  l a r g e r  than the  long-wave ion-sound o s c i l l a t i o n s .
Since the  s t r u c t u r e  o f  the  e le c t ro m a g n e t ic  wave near the  c r i t i c a l  
su r fa ce  i s  desc r ibed  by an A i r y  f u n c t i o n  [76 ]  ( $ 2 . 2 . 2 ) ,  the  
c h a r a c t e r i s t i c  d imension i n  fo rm u la (2 .6 9 )  can be chosen t o  be 
( c^L/Wq^  )'^ ,  which i s  o f  the  order  o f  the  d is ta n c e  between the  f i r s t
maximum o f  t h i s  f u n c t i o n  and the  c r i t i c a l  p o i n t .
For a la s e r  produced plasma, fo rm u la (2 .6 8 )  can be rep resen ted  by 
the  r e l a t i o n  [95 ]
£ A =  6w/4w, = (Z/A)'^^A„1;20T. + 1 .3 *10" ' ' '  ( I „ A ^  ) (L/X„)^^^ 1 
t a k i n g  A/Z 2
-= [lOTg + 6.3*10"'® (2 .70 )
r e l a t i n g  the  red s h i f t  & A ,  measured i n  angstroms, and the  e le c t r o n  
tem pera tu re  Tg ( i n  keV) ,  the  energy f l u x  o f  the  i n c i d e n t  l i g h t  wave
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I j > ( in  Wcm ) and the  c h a r a c t e r i s t i c  d imens ion,  L ,  o f  the  inhomogene i t y .
The above formuLa(2.70)  a l low s  the  e l e c t r o n  tempera tu re  T^  t o  be 
dete rm ined i n  the  range o f  i r r a d i a n c e s ,  I , , ,  where the  f i r s t  term i s  not  
sma l l  i n  comparison w i th  the  second. At l a r g e r  f l u x e s ,  when the  second 
term predomina tes,  the  s h i f t  CX ceases t o  depend on th e  plasma 
te m p e ra tu re .
Fu r th e r  t re a tm en t  of  the  above cand ida te  t h e o r i e s ,  f o r  2w, i s  l e f t  
t o  the  d is c u s s io n  chapter  ( $ 4 ) ,  where t e s t s  w i l l  revea l  the  best th e o ry  
t o  f i t  the  exper imen ta l  r e s u l t s .
2 .5 .4  OVERVIEW OF 2W GENERATION
Second harmonic g ene ra t ion  i n  la se r  produced plasmas has rece ived  
much t h e o r e t i c a l  t rea tmen t  [ 3 , 4 , 8 , 2 0 , 2 3 ,2 7 - 8 ,3 6 , 5 0 , 5 7 - 6 0 ,1 4 8 , 1 5 3 - 4 ]  and 
expe r im en ta l  a t t e n t i o n  [1 0 - 1 ,1 4 ,2 6 ,3 4 ,3 8 ,4 2 ,5 4 ,8 3 ,8 7 ,1 0 1 ,1 0 8 ,1 1 8 ,  
14 1 ,1 4 4 ] -
The source of  plasmons i n  the  c o m b in a t i o n ( 2 .49) le ad in g  t o  second 
harmonic i s  e i t h e r  v ia  a resonance or a pa ram e t r ic  process though the 
fo rm er  has rece ived  g r e a te r  a t t e n t i o n  and a n a l y s i s .  The e f f e c t  o f  p -  or 
s -  p o l a r i s e d  l i g h t  [ 3 , 8 , 1 4 , 5 0 , 1 0 8 , 1 4 4 , 1 5 4 ] ,  d e n s i t y  sca le  le ng ths  
[ 8 , 3 8 , 6 0 ] ,  angles o f  inc id ence  [ 3 , 3 6 ,1 0 8 ,1 4 4 ,1 5 3 ] ,  ponderomot ive fo rce s  
[ 3 , 1 4 8 ] ,  d e n s i t y  p r o f i l e  s teepen ing [ 3 , 8 , 3 6 , 3 8 ] ,  tempera tu re  
[ 3 , 8 , 5 7 , 5 9 , 1 5 3 ] ,  magnet ic f i e l d s  [ 2 8 , 6 0 ] ,  e tc  have a l l  been d iscussed .  
A comprehensive rev iew o f  second harmonic g e n e ra t i o n  i n  la s e r  plasmas 
i s  g iven  by Basov et  a l  [ 20 ]  and re fe rences  t h e r e i n .  Some im por tan t  
a s pe c ts ,  f rom the above mentioned papers ,  have been s i f t e d  and o u t l i n e d
below.
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A 1/^D code [28 ]  shows t h a t  a s t rong  magnetic f i e l d  near the  
c r i t i c a l  su r face  can lead t o  s i g n i f i c a n t  a b s o rp t io n  and thus  second 
harmon ic ,  w h i l s t  a 2D code [38 ]  i n d i c a t e s  t h a t  harmonics o f f e r  means of  
measur ing upper d e n s i t y  s h e l f  s t r u c t u r e  and i t s  dynamics. Th is  has a lso  
been demonstrated by Auer [ 8 ] .  The e f f i c i e n c y  o f  convers ion  t o  second 
harmonic has been determined by severa l  au thors  [ 5 0 ,6 0 ,1 44 ,1 53 ]  and 
range f rom 0.001 t o  10” ^ o f  i n c id e n t  i n t e n s i t y  dependent on the  
p o l a r i s a t i o n  o f  the  l i g h t ,  plasma tempera ture  and plasma d e n s i t y  
s t r u c t u r e .  For a d e n s i t y  p r o f i l e  steepened near the  c r i t i c a l  su r face  
th e  second harmonic em iss ion ,  r e s u l t i n g  f rom resonance a b s o r p t i o n ,  may 
have o s c i l l a t i o n s  as a f u n c t i o n  of  angle a l though the  o v e r a l l  shape of  
the  envelope i s  rough ly  the  same as the  a b s o rp t io n  curve [ 3 6 ] .  A 
d e n s i t y  p r o f i l e  w i th  a c a v i t o n  can lead t o  la rge  enhancement o f  
harmonic emission [ 3 ]  because of  the  f o r m a t io n  o f  e l e c t r o s t a t i c  
resonant  s t r u c t u r e s  — t h i s  e f f e c t  becomes im por tan t  when the  d e n s i t y  
p r o f i l e  i s  deformed by the  ponderomot ive f o r c e .
F i n a l l y ,  from th e o r y ,  i t  i s  expected t h a t  the  am p l i tude  o f  the  
second harmonic r a d i a t i o n  be p r o p o r t i o n a l  t o  the  square o f  the  
a m p l i tud e  of  the fundamenta l -  Th is  a r i s e s  because the  i n t e n s i t y  f o r  a 
g iven  r a d i a t i o n  f i e l d ,  E i s  g iven by
I  = ( c/ 8 tt)£E^ (2 .71 )
where £. i s  the  d i e l e c t r i c  cons tant  o f  the  medium, so i t  i s  obv ious t h a t
IE .1^  (2 .72 )
Thus expect  t h a t  the  i n t e n s i t y  o f  the  second harmonic [144 ]  sca les  
w i t h  the  square of  the  i n c i d e n t  i n t e n s i t y .
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2 .5 .5  HIGHER HARMONIC GENERATION
Higher in t e g e r  harmonic genera t ion  (nw) can r e s u l t  f rom f u r t h e r  
coalescence of  plasmons or plasmons w i th  sca t te re d  or i n c id e n t  photons.
I + I + I ->  t  ' (2 .74)
I + I + t  ->  t  • e t c . .  (2 .75)
Once aga in the  matching co n d i t i o n s  must be s a t i s f i e d ,  v i z .  
co n s e rv a t io n  o f  energy and momentum. Higher harmonic g ene ra t ion  i s  thus 
l i k e l y  t o  occur c lose t o  the c r i t i c a l  re g io n ,  where fudamental  and 
l o c a l  plasma f requenc ies  are approximately equa l ,  obse rva t io n  o f  h igher 
i n t e g e r  harmonics(nw) are expected t o  reveal  i n fo r m a t i o n  on d e n s i t y  
g ra d ie n t s  and e l e c t r i c  f i e l d s  p reva len t  i n  t h i s  reg ion  o f  the  plasma.
For obvious reasons the th re s h o ld  i n t e n s i t y  increases w i th  
in c re a s in g  n and the  i n t e n s i t y  o f  nw should be re la t e d  t o  the  in c id e n t  
i n t e n s i t y  by the  nth power,
(2-76)
F i n a l l y  expect the l i n e  p r o f i l e  of  nw t o  be c h a r a c t e r i s t i c  of  the 
io n  wave spectrum.
Higher harmonics have been observed f o r  CO^ , [1 2 ,3 4 ,6 5 ]  and 
N d - lase r  produced plasmas [ 4 8 ] .
2 .6  HALF HARMONIC GENERATION
At the  q u a r t e r - c r i t i c a l  su r face two processes — s t im u la te d  Raman 
s c a t t e r i n g ,  SRS($2.4),  and the  two-plasmon decay(TPD) 
i n s t a b i  L i t y ( $ 2 . 2 . 3 ) -  can produce w , /2  plasmons. Photons at  w „ /2  can
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then  be generated e i t h e r  by Stokes Raman s c a t t e r i n g  o f  the  i n c i d e n t  
pump wave o f f  these plasmons or  by l i n e a r  mode conve rs ion .  Bobin et  a l  
C26] f i r s t  observed l i g h t  at w<,/2 and r e c e n t l y  has been de te c ted  at 
Lebedev [9 3 ]  and Ru the r fo rd  by RHC members [ 5 6 , 1 1 7 ] .
From the  th re s h o ld s  of  SRS and TPD and recent  s im u la t i o n s  [ 2 5 ,9 8 ]  
combined w i th  the  growth ra tes  i n d i c a t e  t h a t  TPD may be more 
s i g n i f i c a n t  than SRS f o r  Wo/2 g en e ra t i o n .  Observa t ion  o f  Wj,/2 p rov ides  
a measure o f  the  plasma f requency and hence can be used t o  e s t im a te  the  
e l e c t r o n  tempera ture  at  the  q u a r t e r - c r i t i c a l .
A 3w* /2  photon can r e s u l t  from e i t h e r  an i n t e r a c t i o n  o f  Wo/2 
plasmon w i th  an i n c i d e n t ,  r e f l e c t e d  or s c a t te re d  w^ photon or  a 
coalescence o f  t h ree  Wg/2 plasmons. Th is  has been observed 
e x p e r im e n ta l l y  [39 ,4 1 ,103 ,116 ]  and d e a l t  w i th  t h e o r e t i c a l l y  [ 9 , 4 0 ] .  For 
s h o r t  pu lses  and small  s c a le - l e n g t h s ,  TPD i s  the  dominant mechanism f o r  
Wo/2 plasmons w h i l s t  f o r  long pulses  and la rge  s c a le - l e n g t h s  SRS 
competes s t r o n g l y .  Experiments have shown a spectrum c o n s i s t i n g  o f  two 
peaks s y m m et r ica l l y  d i s p la c e d  t o  the  red and b lue  o f  the  3Wo/2 
f re q u e n c y .  According t o  B a r r ' s  th e o ry  [40 ]  the  spacing between the  
peaks i s  r e l a t e d  t o  the  e l e c t r o n  tempera ture  Tg at the  q u a r t e r - c r i t i c a l  
th rough
AA(A) = 48.6 T  ^ (keV) (2 .77)
C a r te r  and Wooding [39 ]  es t im a te  the  plasma d e n s i t y  s c a le - l e n g th  
f rom the  r e l a t i v e  i n t e n s i t i e s  o f  the  b lue and red s h i f t e d  s a t e l l i t e s  of
3w /2 .  L i n  [ 1 0 3 ] ,  on the  o th e r  hand, argues t h a t  these s h i f t s  can be
e xp la in e d  by an uns tab le  f i l a m e n t a t i o n  model , where the  f requency s h i f t  
o f  3w/2 emiss ion i s  ma in ly  due t o  the  Doppler s h i f t  o f  the  d e n s i t y
c o n to u r s ,  i n s i d e  the f i l a m e n t ,  du r ing  t h e i r  f o rm a t io n  and c o l l a p s e .
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The f i v e - h a l v e s  harmonic,  5w/2 has been shown t o  occur on ly  i n  the  
presence of  a 2w^ probe beam which combines w i th  a w<,/2 plasmon [ 1 7 ] .  
S i m i l a r l y  f o r  h ighe r  h a l f - i n t e g e r  harmonics.
2 .7  BACKSCATTER & REFLECTIVITY
Severa l  processes r e s u l t  i n  r e f l e c t i o n  p a r t i c u l a r l y  s t im u la te d  
B r i l l o u i n  s c a t t e r i n g  ( $ 2 . 3 ) ,  which has the  most d r a s t i c  a f f e c t  on 
b a c k s c a t t e r  f rom lase r  produced plasmas. The e f f e c t  of  d e n s i t y  p r o f i l e  
m o d i f i c a t i o n  w i th  or w i tho u t  f l u c t u a t i o n s ,  the  l i g h t  p o l a r i s a t i o n ,  
ang le  o f  t a r g e t ,  t a r g e t  m a te r ia l  and i r r a d ia n c e  on r e f l e c t i v i t y  have 
been i n v e s t i g a t e d  e x p e r im e n ta l l y  [ 1 , 2 ,6 ,7 ,5 5 ,7 8 ,8 9 ,1 0 7 ,1 0 9 ,1 3 7 - 9 ,1 5 0 ]  
and t h e o r e t i c a l l y  [ 1 , 2 ,1 6 ,1 9 ,6 3 ,1 1 2 ,1 4 5 ,1 5 0 ] .  A b r i e f  review o f  some of  
the  expe r im en ta l  and t h e o r e t i c a l  work i s  presented  below.
For i r r a d ia n c e  Io<1o' '  Wcm"^, a b s o rp t io n  takes  p lace p r i m a r i l y  
th rough  high c o l l i s i o n  ra te  o f  the  e l e c t r o n  gas [ 2 ]  which can be 
i n f e r r e d  f rom the  b lue  s h i f t  o f  the  r e f l e c t e d  l i g h t  [ 1 5 0 ] .  A few 
exper iments  [ 6 , 7 8 ]  have used an i n t e g r a t i n g  sphere photometer  t o  
a c c u r a t e l y  determine  the  a b s o rp t io n .  Anthes et  a l  [ 6 ]  observed the  
a b s o r p t i o n  t o  decrease l i n e a r l y  from 0 .9  t o  0 .8  w h i l s t  the  i n t e n s i t y  
in c rease d  from 10'^ Wcm"^ t o  1 0 “  ^ Wcm'^ and was independent  o f  the  
t a r g e t  m a t e r i a l ,  Z. However, Arad et  a l  [ 7 ]  measured the  a b s o rp t io n  t o  
be Z-dependent w i th  s t im u la te d  s c a t t e r  independent  o f  Z over the  
i n t e n s i t y  range 1 0 ' ^ -1 o ' ^  Wcm'^ and Jacke l  et  a l  [ 8 9 ]  i n d i c a t e d  reduced 
r e f l e c t i v i t y ,  f rom high Z t a r g e t s ,  f o r  s p e c u la r l y  r e f l e c t e d  l i g h t .  At 
h ig h e r  i r r a d ia n c e s  a b so rp t io n  was l i m i t e d  by inc reased s t im u la te d  
s c a t t e r  r a t h e r  than decreased e f f i c i e n c y  [ 7 ] .
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The r e f l e c ta n c e  f o r  normal inc idence  i s  seen t o  be g r e a t e r  than 
60% hav ing a minimum f o r  angle o f  i n c i d e n c e , 8 - 2 0 * - 3 0 *  f o r  p - p o la r i s e d  
l i g h t  [ 7 8 ] .  On the  o the r  hand, Maaswinkel [107 ,109 ]  observed 80% 
a b s o rp t i o n  f o r  normal inc idence  w i th  l i t t l e  dependence on I ^ ,  
wavelength or p u lse .  Again the  c h a r a c t e r i s t i c  behaviour  of  resonance 
a b s o r p t i o n  was observed f o r  p - p o la r i s e d  l i g h t  and angled i l l u m i n a t i o n .  
A lso  in c reased  ba c k s c a t te r  r e s u l t e d  as a consequence of  a weak p repu lse  
j u s t  b e fo re  the  main la s e r  pulse [ 1 3 8 ] .
F i n a l l y ,  R ip in  [139 ]  measured the  r e f l e c t i v i t i e s  t o  l i e  i n  the  
range o f  20-50% remaining approx im a te ly  constant  f o r  i l l u m i n a t i o n s  at 
6=0° t o  60 ,  im p ly ing  the  ex is tence  of  steep d e n s i t y  g r a d ie n t s  near n<- 
or  a b s o rp t io n  of  l i g h t  i n  underdense re g ion  o f  plasma.
Due t o  the  v a r ie d  natu re  o f  the  above r e s u l t s ,  i n t e r e s t  i n  
b a c k s c a t t e r  measurements co n t in ues ;  t o  dete rmine re s p o n s ib le  
paramete rs .  The o p t im i s a t i o n  o f  these parameters f o r  maximum a b s o rp t io n  
i s  then  c r u c i a l  f o r  any i n e r t i a l  f u s i o n  scheme.
One such parameter concerns nonpropagat ing d e n s i t y  r i p p l e s ,  which 
are produced i n  a f l o w in g  la s e r  produced plasma by the  ponderomot ive 
f o r c e  o f  i n c id e n t  and r e f l e c t e d  l i g h t  f rom the c r i t i c a l  surfaceCThese 
r i p p l e s  being an e q u i l i b r i u m  fe a tu re  o f  f low  ra th e r  than  being r e l a t e d  
t o  any i n s t a b i l i t i e s ) .  For c e r t a i n  c o n d i t i o n s  these  can s i g n i f i c a n t l y  
in c rease  specu la r  r e f l e c t i o n  and the reby  reduce the  amount o f  l i g h t  
reach ing  the  c r i t i c a l  su r face  [ 1 4 5 ] .  Thus a need t o  m in im ise  t h i s  
e f f e c t  t o  reduce r e f l e c t i v i t y  losses becomes paramount.
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2 .8  PLASMA TEMPERATURE
Amongst the  plasma parameters re q u i red  t o  f u l l y  understand the
second harmonic are the  plasma tem pera tu re ,  d e n s i t y  s t r u c t u r e  and 
s c a le - l e n g t h  along w i th  t h e i r  s p a t i a l  d i s t r i b u t i o n s  and tempora l  
b e h a v io u r .  However, here we s h a l l  on ly  c h a r a c te r i s e  the  plasma 
tem pera tu re  le av ing  the  l a t t e r  pa r ts  t o  be d iscussed  to g e th e r  w i th  the 
r e s u l t s .
The v a r i a t i o n  o f  the  h o t - e l e c t r o n  tem pera ture  w i th  s c a l in g  
parameter  IX?" was ob ta ined  f rom a m od i f ied  hydrodynamic code,  LASNEX 
[81 ,1 1 9 ]  which so lves the  s i n g l e - f l u i d ,  two-tem pera tu re  Lagrangian 
hydrodynamic equat ions i n  two-d imens iona l  ax i -sym m et r i c  geometry.
The m o d i f i c a t i o n s  in c lu d e  x - ray  and h o t - e l e c t r o n  g en e ra t i on  and
m u l t i g r o u p  f l u x - l i m i t e d  d i f f u s i o n  t r a n s p o r t .  Laser l i g h t  i s  taken t o  be 
absorbed by inve rse  bremsst rahlung up t o  the  c r i t i c a l  s u r fa c e .  At the
c r i t i c a l  su r face  a s e le c ta b le  f r a c t i o n  o f  the  remaining la s e r  energy i s
d e p o s i ted  t o  s im u la te  resonant  a b s o rp t i o n .  Other a d d i t i o n s  t o  code 
i n c lu d e  the  ponderomot ive f o r c e ( 2 .3 4 )  and the  h o t - e l e c t r o n  tempera ture
T^ i s  taken as [73 ]
Tk = (2 .78)
where i s  chosen t o  agree w i th  numer ica l  plasma s im u la t i o n s  and 
expe r im en ts .  T  ^ i s  the  background e le c t r o n  tem pera ture  at  the  c r i t i c a l  
s u r f a c e .  The powers p and q l i e  i n  the  range 0 .2 5 -0 .33  and 0 .3 3 -0 .50  
r e s p e c t i v e l y ,  as found f rom plasma s im u la t i o n  [ 7 3 ] .  Th is  work a ls o  
shows t h a t  the  gene ra t ion  of  such f a s t  e le c t r o n s  t o  be dependent on the  
p r o f i l e  m o d i f i c a t i o n  due t o  ponderomot ive f o r c e s ,  n e g le c t i n g  therm al  
f l u x  l i m i t a t i o n s .  In  the  s im u la ted  r e s u l t s  [ 7 7 ] ,  p resented below,  on ly  









FIG URE 2 .1 1  : V a r i a t i o n  o f  h o t  e le c t r o n  t e n p e r a t u r e  w i t h  lA**
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parameters being held f i x e d  according t o  the  best  a v a i l a b l e  p h y s i c a l
t h e o r i e s  or  exper imenta l  da ta .
F igu re  2.11 shows the exper imenta l  hot e l e c t r o n  tempera tu re  versus
th e  s c a l i n g  parameter ,  I  ( i n  u n i t s  of  W-ym^cm ^ ) [ 7 7 ] .
Note t h a t  f o r  I X  <10 W-pm^  cm ^ c o l l i s i o n a l  e f f e c t s  dominate ,
10 < l A < 1 0 ^  " weak p r o f i l e  m o d i f i c a t i o n  due t o
resonance a b s o rp t io n  and
ponderomot ive f o r c e s .
z itf
I A  >10 " s t rong  p r o f i l e  m o d i f i c a t i o n  due t o
resonance a b s o rp t io n  and
ponderomot ive f o r c e s .
In  view t o  d i s t i n g u i s h  between the  t h e o r i e s  d iscussed  above,  one 
needs t o  c h a ra c te r i s e  as many parameters as p o s s i b l e ,  both o f  the  lase r  
and plasma. Parameters o f  importance w i l l  be the  s p e c t r a l  s t r u c t u r e  of  
the  second harmonic,  t a r g e t  compos i t ion ,  r e f l e c t i v i t y  d a ta ,  i n t e n s i t y  
v a r i a t i o n s ,  d e n s i t y  and tempera ture  d i s t r i b u t i o n s ,  tempora l  behav iour  
o f  2w, s c a l e - l e n g t h ,  tem pera tu re ,  e t c . .  An endeavour t o  t h i s  end i s  now 
d e s c r ib e d .
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3 .1  INTRODUCTION
To i n v e s t i g a t e  the  second harmonic re q u i r e s  the  study o f  the  
i n t e r a c t i o n  o f  in tense  Laser r a d i a t i o n  w i th  a dense plasma by s p e c t r a l  
measurements o f  the  s c a t te re d  r a d i a t i o n .  I t  has been p o s s ib le  t o  make 
these  measurements w i t h  two d i f f e r e n t  wavelengths o f  i n c i d e n t  
r a d i a t i o n .  At Royal Holloway Col lege (RHC) a ca rb on -d io x id e  (CO^) lase r  
p rov ided  pulses  o f  10.6 y^ m r a d i a t i o n  and at  the  R u the r fo rd  App le ton 
L ab o ra to ry  (RAL) a neodymium (Nd) la s e r  gave r a d i a t i o n  o f  1.06 ym. The 
s c a l i n g  parameter I w a s  w e l l  above 1o '^  W/cm^yN^, the  th r e s h o ld  f o r  
second harmonic g e n e ra t i o n .  Lower i n t e n s i t i e s  or gaseous t a r g e t s  would 
not  g ive  plasmas o f  s u f f i c i e n t l y  s teep d e n s i t y  g r a d ie n t s  f o r  la rge  
r a d i a t i o n  a b s o rp t io n  and subsequent convers ion  t o  2w. Table  3.1 
p resen ts  some o f  the  la s e r  c h a r a c t e r i s t i c s .
The f o l l o w i n g  s e c t i on s  w i l l  b r i e f l y  desc r ibe  the  two la s e r  systems 
along w i th  the  d ia g n o s t i c s  used t o  c h a r a c te r i s e  the  la s e r  r a d i a t i o n  and 
t o  determine the  plasma parameters.
TABLE 3-1 LASER CHARACTERISTICS
LASER SYSTEM COz Nd
Wavelength, '1 0 .6 1.06 pm
Max. Energy 25 100 J
Peak Power 0.5 60 GW
I r rad iance (m ax ) 1 .5 *1 0 ' ^ 2 *10 '* W/cm^
Spot s ize <200 100 ym
Dura t ion 50 1.7 nsec
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3 .2  CO  ^ LASER SYSTEM
3 .2 .1  INTRODUCTION
At RHC a t ranve rse Ly  e x c i t e d  atmospher ic  p ressure  (TEA) CO^  Laser 
p ro v ide d  pulses  o f <^50 nsec d u r a t i o n  at 10.6 ym w i th  ene rg ies o f  up t o  
15 J .  The i n t e r a c t i o n  o f  t h i s  in tense  r a d i a t i o n  w i th  a dense t a r g e t  was 
s tu d ie d  i n  o rd e r  t o  con f i rm  or deny r e l a t e d  t h e o r e t i c a l  concepts .
The TEA CO^  la s e r  used i n  t h i s  study has been desc r ibed  be fo re  
[ 1 , 7 ] ,  so the  t rea tm en t  presented here w i l l  be b r i e f ,  emphasising any 
a d d i t i o n s  and improvements made. The im po r tan t  c h a r a c t e r i s t i c s  o f  the 
l a s e r  have been noted e a r l i e r  i n  Table  3.1 and i n  the  f o l l o w i n g  Table 
3 . 3 .
A s u c c in c t  h i s t o r i c a l  account o f  the  CO^ la s e r  i s  presented  i n  
Apppendix A a long w i th  i t s  th e o ry  o f  o p e r a t i o n .
3 .2 .2  GENERAL DESCRIPTION
The la s e r  was a pulsed TEA ( t r a n s v e r s e l y  e x c i t e d  a tm ospher ic )  CO^  
la s e r  [ 1 , 7 ]  w i th  e i t h e r  a g r a t i n g - m i r r o r  or an uns tab le  m i r r o r  c a v i t y  
as shown s c h e m a t ic a l l y  i n  F igure 3 . 1 .  The o s c i l l a t o r  and a m p l i f i e r  
modules were i n te r c o n n e c te d  and f i l l e d  w i th  a gas m ix tu re  o f  he l ium ,  
c a rb o n -d io x id e  and n i t r o g e n  at  a tmospher ic  p re ssu re .  The optimum 
m ix tu re  o f  the  gases was, e x p e r im e n t a l l y ,  found t o  be i n  the  r a t i o  
6 : 3 : 2  f o r  He:COi:N^(see l a t e r ) .
Las ing  takes p lace between the  r o t a t i o n a l  l e v e l s  o f  the  symmetric 
and asymmetr ic  mode o f  v i b r a t i o n  o f  the  CO^ molecu le  p rov ided  a
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popuLat ion  i n v e r s i o n  e x i s t s  between these Levels (see appendix A f o r  a 
more complete the o ry  o f  o p e r a t i o n ) .  The i n v e r s i o n  a r i s e s  by e x c i t i n g  
the  h ig h e r  CO^  l e v e l s  v i b r a t i o n a l l y  v ia  e x c i t e d  mo lecu les .  The 
process being h i g h l y  e f f i c i e n t  s ince the  therm al  energy at room 
tem pera tu res  -^1/40 eV (200 cm"' ) w h i l s t  sepa ra t ion  o f  the  COj and 
l e v e l s  i s  on ly  ^^1/400 eV (18 c m " ' ) .  The hel ium gas ensures a 
s a t i s f a c t o r y  d is c h a rg e ,  a ra p id  d epopu la t ion  o f  the  lower l e v e l s  and 
c o o l i n g  t h e r e a f t e r .
The gas m ix tu re  was e x c i t e d  by a pp ly in g  a 2 ysec pulse  of  50 KV 
across  the  e le c t ro d e s  (F igu re  3 . 1 ) .  A un i fo rm  gas d ischarge  was then 
i n i t i a t e d  by p u t t i n g  the  f u l l  vo l tag e  t o  the  t r i g g e r  w i res  i n  g lass  
c a p i l l a r y  tubes (approx .  160 o f  them p laced i n t o  grooves i n  the  
ca th o d e ) .  Th is  p rov ided  p r e - i o n i s a t i o n  and prevented a rc in g  on most 
occas ions  (see c i r c u i t  diagrams i n  f i g s .  3 . 6 - 3 . 8 ) .  A poor nonuni form 
d ischarge  re s u l t e d  d u r in g  a r c i n g ,  lead ing  t o  a weak la s e r  o u tp u t .  Thus
care was taken  t o  prevent  t h i s  by ensur ing  t h a t
(a) a c o r r e c t  gas mix f lowed f o r  a s u f f i c i e n t  t ime (~1 /2  h r )  b e fo re  the  
f i r s t  sho t .  I f  no a rc in g  re s u l t e d  then  a shot every two minutes was 
p o s s i b l e ,
(b) the  e le c t r o d e  p la te s  were c lean and p a r a l l e l  w i th  a s e p a ra t io n  o f
*^5 cm. Cleaning being necessary every 8-10 weeks, and
(c )  the  t r i g g e r  rods were c le an .
PULSE SHAPE :
F igu res  3 .2 ( a , b )  show t y p i c a l  00^ la s e r  tempora l  p r o f i l e s .  I t  i s  
seen t h a t  the  la s e r  power ou tput  c o n s i s ts  o f  an i n i t i a l  sharp sp ike  
f o l l o w e d  by a lower i n t e n s i t y  broad t a i l  o f  r a d i a t i o n .  The e x is ten ce  of  
the  t a i l  can be deduced f rom the  s o l u t i o n  o f  the  coupled set o f  ra te
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e qua t ions  f o r  the  He:CO%:Ni m ix tu re  [ 8 ] .  B a s i c a l l y  the  e x c i t e d  l e v e l  
has a la rg e  p o p u la t i o n  d e n s i t y  e x i s t i n g  f o r  a long t im e ,  which 
v i b r a t i o n a l l y  t r a n s f e r s  t o  the  CO^ , molecule g i v i n g  a ra p id  i n i t i a l  
p u l s e .  Since e x c i t e d  molecules s t i l l  e x i s t ,  f u r t h e r  t r a n s f e r s  g ive  
weaker and weaker pulses  lead ing  t o  the  observed t a i l .  Over 50% o f  the  
energy i s  i n  the  s h o r te r  p u l s e ,  so t h a t  i n  terms o f  power and i r r a d i a n c e  
t h i s  i s  the  most e f f e c t i v e .
BEAM QUALITY :
A CO2 la s e r  burn p a t t e r n  on exposed p o l a r o i d  i s  shown i n  f i g s .  3 .3  
& 3 - 4 .  Both i n d i c a t e  an in tense  c e n t r a l  f e a tu re  surrounded by a weaker 
f e a t u r e .  The burn shot ( F i g .  3 .3 )  which i s  n e a r ly  c i r c u l a r  was taken  
w i t h o u t  any ape r tu res  f rom a m i r r o r  c a v i t y .  F igure 3 .4  i s  f rom a g r a t i n g  
c a v i t y  -  note t h a t  i t  c o n s i s ts  o f  in tense  s t r i p e s  w i th  a c e n t r a l  hot 
reg ion  and a lso  shows t h a t  the  g r a t i n g  i s  r e c ta n g u la r .
GAS MIXTURE :
The optimum gas mix was determined by m o n i to r in g  the  v a r i a t i o n  i n  
ou tpu t  energy w i th  changes i n  the  gas f l o w .  A c a lo r im e te r  (Gentec Model 
ED-500) was used t o  mon i to r  the  la s e r  energy (see f i g s .  3.1 S 3 .18)  by 
i n s e r t i n g  a s a l t  f l a t  i n  the  beam. One gas f lo w  was v a r ie d  at  a t ime 
w h i l s t  the  o th e r  two were held  f i x e d  and about ten  minutes were a l lowed 
f o r  the  m ix tu re  t o  s e t t l e  be fo re  t a k i n g  f i v e  or more r e s u l t s .  The 
averaged r e s u l t s  are p l o t t e d  i n  F ig .  3 . 5 ( a - c )  f o r  the  th r e e  gases -  Note 
t h a t  a f t e r  d e te rm in in g  an optimum f o r  one gas i t  was then f i x e d  at t h i s  
va lue  f o r  the  next  set  of  d a ta .  From the p l o t s  we conclude optimum f low  
va lues  o f  6 : 2 : 3  f o r  He:Ni:CO% r e s p e c t i v e l y .  The CO^  la se r  was opera ted  
a t  these optimum va lues  f rom then  on.
- 7 6 -
LASER AREA
AMPUFlCR
FIGURE 3.1 : CO. LASER
( OSCILLATOR i AMPLIFIER ).
V - Salt(KCl) or Zino Selenide(ZnSe) uindowa 
AR ooatad for 10. e pm
M j -  100% refleoting Au-Cu mirror (76 mm diam.)
Wg- 88XR, 33%T at 10 pm Germanium mirror(SOmm)
G - Grating ( aee Table 3.S )
A - Anode electrode ( 11017H.S am )
C -  Cathode eleotrode ( 100X711.5 am )
M'- Au-Cu oonoave mirror ( f‘\-10m, diam.•'‘SOmm )
T - Preionieing glaee trigger rode (’^ISS)
4.6mm diam. with 0.4mm Siohrome uire.
ap- Variable apertures.
AC- Eleotrode aeperation 'v>£ am.
-7 7 -
FIGURE 3 .2  : T e n d r a i  p r o f i l e s  o f  la s e r
m i
3 .3  : M i r r o r  C a v i t y 3 .4  : G r a t in g  C a v i t y
FIGURES 3 .3  & 3 . 4  : 0 0^  b u m  p a t t e r n s  on  exposed  p o la r o id
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TABLE 3 .2  
CO  ^ LASER GRATING.
Size : 50*25 mm
Rul ing : 135 lines/mm
Blaze : 10.6 pm
Blaze Angle : 45 degrees
R e f l e c t i v i t y : 98% 3 10.6pm
Damage th r e s h o ld : >10 J/cm^
Angular  d is p e rs io n : 55 A/mrad
TABLE 3 .3
TEA LASER CHARACTERISTICS.
Gas mix ; HeiCOjiN;2 -  6 : 3 : 2
Charging v o l t a g e : 50 kV
Charging cu r re n t : <20 kA
Wavelength :10 .5 -1 0 .6 pm
Energy : <20 J
Pulse(fwhm) : 50 nsec
Power : <400 MW
I r r a d ia n c e : <10"^ W/cm^
L inew id th : <80 Â f o r
100 Â f o r
Divergence : 5-10 mrad
Cav i t y  length : >4 meters(~2m f o r














C O j F lo  to R a t e
FIGURE 3 .5  : CO^ Laser output  energy f o r  va r ious  gas f l o w s .
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3 .2 .3  EFFICIENCY & PERFORMANCE
The Laser e f f i c i e n c y  i s  de f in ed  by the  r a t i o  o f  the  Laser beam
energy t o  t h a t  s to red  e l e c t r i c a L L y .  The maximum measured ou tpu t  energy 
f rom the  Laser was 20 J and t h a t  s to red  e l e c t r i c a l l y  was 625 J 
(2 *0 .2 5  yp c a p a c i t o r s  held  at 50 kV f o r  o s c i l l a t o r  and a m p l i f i e r ) .  Th is  
i m p l i e s  th e  o v e r a l l  e f f i c i e n c y  o f  the  la s e r  system t o  be <3.2%.
The la s e r  per formance was c a l c u la te d  t o  be <15 J / l i t r e  f o r  optimum
gas m ix tu re  i n  the  l a s in g  re g io n .  Th is  per formance would be c o s id e ra b ly  
g r e a t e r  f o r  a m u l t ip ass  system.
The e f f i c i e n c i e s  quoted above are f a r  g r e a te r  than  those from
neodymium-glass la s e r  systems being considered  f o r  la se r  f u s i o n .  Th is  
i s  what maie the  CO2 la se r  a prominent  cand ida te  f o r  t h i s  g oa l !
3 .2 .4  CIRCUIT DESIGN & OPERATION
The r e le v a n t  la s e r  c i r c u i t r y  schemat ic i s  shown i n  f i g s .  3 . 6 - 3 . 8 .  
F ig u re  3 .6  shows the  s i m p l i c i t y  o f  i t s  o p e r a t i o n .  A 10 V t r i g g e r ,  f rom 
a pu lse  g e n e r a to r ,  i n i t i a t e s  the  K ry t ro n  and two -s tage  Marx gene ra to r  
t o  g iv e  a ra p id  30 kV pulse  « 1 0  nsec) t o  the  spark gaps h o ld in g  o f f  
c a p a c i t o r s  ( o f  0 .2 5  pF) a t  50 kV. These are then r a p i d l y  d is c h a rg e d ,  
v ia  an induc tance  o f  a few pH, t o  the  lase r  head(see F ig s .  3 . 7 - 3 . 8 ) .  
At the  la s e r  head ( F i g .  3 .8 )  the  low induc tance c a p a c i t o r s  C/ and C2 
are pu lsed  and then r a p i d l y  d ischarged across the  e le c t r o d e s ,  w i th  
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F igu re  3-9  i l l u s t r a t e s  t y p i c a l  s ig n a ls  from a high c u r re n t  probe 
[ T e k t r o n i x  C T -5 ] ,  i n  c o n ju n c t io n  w i th  a low c u r re n t  probe [ T e k t r o n i x  
P6021] ,  p laced  over the  d ischarge w i re  f rom C, t o  the  anode ( to p  
e l e c t r o d e )  o f  the  o s c i l l a t o r  (see F ig .  3 . 8 ) .  The o s c i l l o s c o p e  t r a c e  
re p re sen ts  2 k A / d i v ,  i n d i c a t i n g  d ischarge  c u r re n ts  o f  up t o  5 kA. 
However, i n  t o t a l  i t  im p l i e s  d ischarge c u r re n ts  o f  up t o  20 kA between 
t h e  e l e c t r o d e s  as th e re  are f o u r  such leads t o  the  anode.
FIGURE 3-9  : Current  probe s ig n a ls  (see t e x t ) .
A Rogowski c o i l ( F i g .  3-10)  was used t o  p rov ide  a t i m i n g / t r i g g e r  
source f o r  s y n c h r o n is a t i o n  or o s c i l l o s c o p e  t r i g g e r -  The c o i l  c o n s i s t i n g  
o f  two t u r n s  was p laced over a d ischarge  w i r e ,  as w i th  c u r re n t  probe.  
The c o i l  was connected across a C-R c i r c u i t  where 0=120 pF and R=150-a.
- 8 5 -
T o  O SC \LU O SC O PE.
8c TRIQ-CVER UNITS
FIGURE 3 .1 0  : Rogowski c o i l  p i c k - u p
An example o f  the  pu lse  f rom t h i s  c o i l  i s  shown i n  F ig .  3 . 1 1 .  T h i s  
shows c l e a r l y  t h e  no ise  due t o  th e  Marx and spark -gaps  p reced in g  the  
s i g n a l .
5 V
Note t h a t  th e  s i g n a l  i s  +ve 
d u r in g  d is c h a rg e  b e fo r e  go ing  
- ve  as th e  d i s c h a rg e  f a d e s .  
The no ise  l e v e l  i s  below 5 V 
and t h e re b y  does not  i n i t i a t e  
t h e  t r i g g e r  u n i t  w h i l s t  the  
c o i l  s i g n a l  does.
FIGURE 3.11 : T y p i c a l  c o i l  s i g n a l .
The c o i l  p ro v id e d  a s t a b l e  t r i g g e r  source f o r  t h e  o s c i l l o s c o p e s  and 
t i m i n g  w i t h  a j i t t e r  <10 nsec .  The Marx t r i g g e r ,  w i t h o u t  t h e  c o i l ,  had a 
j i t t e r  o f  >4 psec ,  due t o  the  u n p r e d i c t a b i l i t y  o f  t he  spark gap.  The CO^
- 86 -
Laser o u tp u t  f o l l o w e d  th e  c o i l  s i g n a l  w i t h  a d e la y  o f  psec .  
SYNCHRONISATION :
S y n c h r o n i s a t i o n  was r e q u i r e d  f o r  a c c u r a te  o p t i c a l  p r o b in g  o f  t h e  COj. 
l a s e r  c re a te d  p lasma.
A s y n c h r o n i s a t i o n  c i r c u i t  f o r  t h e  CO^ and ruby l a s e r s  i s  d e p i c t e d  i n  
F ig .  3 . 1 2 .  T h i s  makes use o f  t h e  Rogowski c o i l  p i c k - u p  s i g n a l  t o  t r i g g e r  the  
c a v i t y  p o c k e l l  c e l l  o f  t h e  ruby l a s e r  w i t h  an a p p r o p r i a t e  d e l a y .  The ruby 
f l a s h la m p s  hav ing  been t r i g g e r e d  some 700 psec b e fo r e  t h e  CO, Marx t o  a l l o w  
f o r  s u f f i c i e n t  p o p u l a t i o n  i n v e r s i o n  i n  t h e  ruby ro d .  The ruby pu lse  
( 4 0  nsec)  c o u ld  be f u r t h e r  c l i p p e d  u s in g  a l a s e r  t r i g g e r e d  spark  gap 
(LTSG) i n  c o n j u n c t i o n  w i t h  G l a n - p o l a r i s e r s .  The LTSG was u s u a l l y  charged t o  
7 kV and t r i g g e r e d  by th e  r e j e c t e d  ruby l i g h t  o f f  t h e  f i r s t  G l a n - p o l a r i s e r .  
T h i s  enab led  p u ls e s  as s h o r t  as 5 nsec f o r  d i a g n o s t i c s  [ 9 2 .
SPARK GAP :
The spark gap i s  an e s s e n t i a l  e lement o f  t h e  CO,  ^ l a s e r  system as i t  
a l l o w s  th e  system t o  be p r imed f o r  a c t i o n  and f i r e d  a t  w i l l .  The spark 
assembly i s  shown i n  F ig u re  3 .13  and no te  t h e  asymmetry o f  t h e  e l e c t r o d e s ,  
i . e .  t h e  h igh  v o l t a g e  charged s id e  i s  set  f u r t h e r  f rom th e  c e n t r e  t r i g g e r  
p in s  t h e n  th e  low v o l t a g e  s i d e .  T h i s  ensures t h e  s t a b i l i t y  o f  t h e  system [A 
s y m m e t r i c a l  c o n f i g u r a t i o n  was t r i e d  but  f a i l e d  t o  h o ld  o f f  t h e  h ig h  v o l t a g e s  
as i t  o f t e n  s e l f - t r i g g e r e d ] .  The spark gap was p r e s s u r i s e d  t o  5 atmosphere 
w i t h  n i t r o g e n  gas t o  p re v e n t  s e l f - t r i g g e r i n g .  One cause f o r  s e l f - t r i g g e r i n g  
was t h e  bad s t a t e  o f  t h e  gap and e l e c t r o d e s .  These r e q u i r e d  c l e a n in g  e ve ry  
s i x  t o  e i g h t  weeks i f  t h e  l a s e r  was used e x t e n s i v e l y .
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IW  Top VIEW
T  -  TR.lCfC,ER. ?\V\S CTv l^G.STE:N T»PPEt>)
E -
p




F R o M  CAPACITOR B A U k
0
/ /
To L A S E R  HEAP
FIGURE 3 .1 3  : CO^ Laser s p a rk -g a p  a s s e m b ly .
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3 .2 .5  ALIGNMENT
The Laser system was a l i g n e d  w i t h  t h e  a i d  o f  a h e l iu m -n e o n  l a s e r
l a b e l l e d  C2) i n  F ig .  3 . 1 .  I n i t i a l l y  t h e  c o u p l i n g  m i r r o r  was removed and 
t h e  He-Ne beam was made t o  pass i n  between th e  e l e c t r o d e s  and c e n t r a l l y  
t h ro u g h  th e  windows W, by making a p p r o p r i a t e  a d ju s tm e n ts  o f  t h e  modules .  Use 
o f  t h i n  a lu m in ium  masks w i t h  c e n t r a l  ho les  p la ced  over  t h e  windows a s s i s t e d  
i n  a l i g n m e n t .
The t u r n i n g  m i r r o r  M, was p laced  at  45° t o  t u r n  t h i s  beam o n to  th e
g r a t i n g ,  G. The b r i g h t e s t  r e f l e c t e d  He-Ne o r d e r ,  o f f  t h e  g r a t i n g ,  was
r e - d i r e c t e d  a lo ng  i t s  path  w i t h  t h e  h e lp  o f  a p e r t u r e s  apCD and apC2)-  The
g r a t i n g  was the n  r o t a t e d  a p p r o x im a t e l y  t o  i t s  b la z e  a ng le  ( - 4 4 ° )  f o r  1 0p m  
u s in g  a s e p a ra te  44° ang le d  b r a c k e t .  The c o u p l i n g  m i r r o r  was th e n  
i n s e r t e d ,  c e n t r a l i s e d  t o  t h e  beam, and a d j u s t e d  t o  r e f l e c t  t h e  beam back 
a long  i t s  p a t h .  The a l ig n m e n t  was now o p t im i s e d  f o r  maximum energy o u tp u t  by 
making ' f i n e '  a d ju s tm e n ts  ( m ic ro m e te r )  t o  t h e  a ng le  o f  th e  g r a t i n g .  F ig u re  
3 . 2  shows a t y p i c a l  CO^  l a s e r  p u lse  d e te c te d  by a p h o to n -d ra g  d e t e c t o r .
The reason f o r  such a l a r g e  c a v i t y  l e n g th  was t o  p re v e n t  more than  one 
l o n g i t u d i n a l  l a s i n g  mode ( f o r  COj the s e  modes a re  se p a ra ted  by 200 A ) .  
However,  i t  was found  t h a t  even t h i s  c a v i t y  l e n g th  was i n s u f f i c i e n t  as o th e r  
o r d e r s  s t i l l  l eaked  t h ro u g h  weak ly  ( though  u s u a l l y  down by a f a c t o r  o f  t e n  
o r  g r e a t e r ) .
Once t h e  l a s e r  o u tp u t  was o p t i m i s e d ,  a l a s e r  spectrum was taken  us in g  a 
s a l t  beam s p l i t t e r ,  l e n s ,  a t t e n u a t o r s ,  s p e c t ro m e te r  and e i t h e r  an a m p l i f i e d  
p h o to n -d ra g  d e t e c t o r  or  g o ld -d o p e d  germanium d e t e c t o r  ( F i g .  3 . 1 8 ) .  An 
example i s  shown i n  F i g .  3 . 1 4  f o r  a g r a t i n g  c a v i t y .  T h i s  co u ld  be re pea ted  
f o r  d i f f e r e n t  m ic rom e te r  r e a d in g s  ( t i l t  o f  g r a t i n g ) .  I t  was t h e n  p o s s i b l e  t o  
tu n e  t o  a p a r t i c u l a r  g r a t i n g  l i n e  u s ing  t h e  p l o t  o f  o u tp u t  energy  ve rsus
" 9 0 “
m ic rom ete r  re ad in g  ( F i g .  3 .1 5 )  [No te  t h a t  i f  t h e  Laser was d is c h a rg e d  a t  
f u l l  v o l t a g e  (50 kV) t he n  i t  was d i f f i c u l t  t o  observe  the  t u n i n g  f e a t u r e  o f  
t h e  g r a t i n g  so 45 kV was used i n s t e a d ] .
P(l£) -  10- 5^ ^
- >
I
FvJHM 7 ( A
FIGURE 3 . 1 4  : CO2 l a s e r  sp e c tru m  w i t h  a g r a t i n g  c a v i t y .
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3 .2 .6  CO  ^ POLARISATION
THEORY :
Let  E deno te  th e  a m p l i t u d e  o f  t h e  e l e c t r i c  v e c t o r  i n c i d e n t  on a p lane  
boundary s e p a r a t i n g  two med ia ,  and E* and E" deno te  th e  a m p l i t u d e  o f  t h e  
r e f l e c t e d  and t r a n s m i t t e d  waves,  r e s p e c t i v e l y .  Then f rom M a x w e l l ' s  e q u a t i o n s  
one can o b t a i n  c o r re s p o n d in g  a m p l i t u d e s  o f  t h e  magne t ic  v e c t o r s .  There  are 
two cases o f  i n t e r e s t : -
(a )  where E i s  p a r a l l e l  t o  t h e  boundary p l a n e ,  i . e .  p e r p e n d i c u l a r  t o  
p la ne  o f  i n c i d e n c e .  T h i s  case i s  c a l l e d  ' t r a n s v e r s e  e l e c t r i c '  or  
TE(s )  p o l a r i s a t i o n .
(b )  where th e  magne t ic  v e c t o r  o f  i n c i d e n t  wave i s  p a r a l l e l  t o  t h e  
boundary  p l a n e .  T h i s  i s  c a l l e d  ' t r a n v e r s e  m a g n e t i c '  o r  TM(p) 
p o l a r i  s a t i o n .
Use o f  a p p r o p r i a t e  l i n e a r  and F r e s n e l ' s  e q u a t i o n s ,  t h e  a m p l i t u d e s  
o f  the  r e f l e c t e d  and r e f r a c t e d  waves co u ld  t h e n  be d e te rm in e d  (see 
e i t h e r  Fowles [ 3 ]  o r  Born  & W o l f  L21 o r  Hecht & Z a ja c  C4T).
EXPERIMENT :
The p o l a r i s a t i o n  o f  t h e  00% la s e r  was de te rm in e d  u s in g  t h e  o p t i c a l  
s e t - u p  i n  F ig -  3 . 1 6 .
The s a l t  (KCl)  f l a t  C n ( 1 0 . 6 p ) = T . 5 2 ' i m p l i e s  a B re w s te r  a n g le ,  
6 ^ = 5 6 .5 * ]  was mounted on a r o t a t a b l e  mount w i t h  t h e  t r a n s m i t t e d  and 
r e f l e c t e d  beams be ing  m o n i to r e d  by c a l o r i m e t e r s  CD & CD- The 
t r a n s m i t t e d  energy  d i d  not  show much v a r i a t i o n  w i t h  ang le  o f  f l a t ,  6 ,  
though  th e  r e f l e c t e d  beam d i d !  These r e s u l t s  have been p l o t t e d  i n  F ig .  
3 . 1 7 .
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The r e s u l t s  im p ly  t h a t  the  l a s e r  i s  e s s e n t i a l l y  p - p o l a r i s e d  (TM 
mode),  i . e .  t h e  magnet ic  v e c t o r  o f  t h e  i n c i d e n t  wave i s  p a r a l l e l  t o  t h e  
boundary p lane  (see t h e o r y  a bove ) .  When t h e  exper im en t  was repea ted  f o r  
t h e  s a l t  f l a t  on a h o r i z o n t a l  mount no p o l a r i s a t i o n  f e a t u r e  was 
o b s e rv e d ,  i n d i c a t i n g  t h a t  i t  was not  p a r t i a l l y  s - p o l a r i s e d .
c q ,
FIGURE 3 .1 6  : O p t i c a l  arrangement t o  d e te rm ine  the  COg_ la s e r






An^ lc. of flat ( U 4^jy«es)
FIGURE 3 .1 7  : P o l a r i s a t i o n  o f  CO  ^ l a s e r .
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3 -3  PROCEDURE (CO^ SYSTEM)
3 -3 .1  OPTICAL LAYOUT
F ig u re  3 -18  shows th e  g en e ra l  o p t i c a l  l a y o u t  used t o  o b t a i n
s p e c t r a l  d a ta  f o r  fun dam en ta l  and second ha rm on ic .  The l a s e r  spectrum 
was o b ta in e d  u s in g  s u f f i c i e n t  a t t e n u a t o r s  ®  w i t h  m i r r o r  i n t r o d u c e d  
i n  beam path  ' b ' ,  so t h a t  the  d e t e c t o r  s i g n a l  l e v e l s  remained
t o l e r a b l e .  M i r r o r  M, was a l i g n e d  such t h a t  beam path *b+* r e t r a c e d  i t s  
path ' b “ ' u s in g  He“ Ne l a s e r  ( D ,  M, and a p e r t u r e s  apCD and a p ® .
I n t r o d u c i n g  M^_ ensured t h a t  beam s p l i t t e r  (BS) remained f i x e d  once
a d j u s t e d  f o r  e i t h e r  b a c k s c a t t e r e d  s p e c t r a  or l a s e r  s p e c t ra  ( w i t h  m i r r o r  
M j ) ;  see F ig .  3 . 1 8 .  With the  sp e c t ro m e te r  scann ing  around 10.6 ^m the
l a s e r  spectrum was b u i l t  up f rom over 80 s h o ts .
The b a c k s c a t t e r e d  r a d i a t i o n  f rom the  plasma at  fundam en ta l  (w) and 
second harmonic  (2w) was a na lysed  w i t h  the  s p e c t ro m e te r  i n  c o n j u n c t i o n  
w i t h  a g o l d “ doped (Au“ Ge) germanium d e t e c t o r  ( $ 3 - 3 - 3 ) .  The s p e c t ro m e te r  
was s e t “ up around 10.6 pm and 5 .3  ym r e s p e c t i v e l y  w i t h  a p p r o p r i a t e  
f i l t e r  (F)  and a t t e n u a t o r s  (A j . ) -  The spectrum was then  b u i l t  up f rom 
over  80 s h o t s .  The use o f  a p p r o p r i a t e  f i l t e r s ,  F, was necessa ry  t o
reduce the  e f f e c t  o f  no ise  due t o  t h e  plasma r a d i a t i o n  and a t t e n u a t o r s  
t o  p r o t e c t  th e  d e t e c t o r  f rom damage due t o  e x c e s s i v e  i n p u t .
The above p ro ced u re  was rep ea ted  f o r  d i f f e r e n t  i r r a d i a n c e s  by
a d j u s t i n g  th e  a t t e n u a t i o n  (A*)  o f  the  C0% l a s e r  beam and f o r  v a r i o u s
t a r g e t s .  Each shot  was take n  on a c le an  t a r g e t  s u r fa c e  and r e s u l t s  
where the  l a s e r  energy v a r i e d  by 10% from i t s  mean v a lu e  were r e j e c t e d .  
The t a r g e t  chamber was t y p i c a l l y  pumped down t o  p ressu res  o f  l e s s  than  









Salt (KCl) beam eplitter (T>8S%; R<1S% ê 10)im) 
Pelliole (Polythene) (T>8S%; R<1S% 6 10\im )
Kal lenaea.
Germanium meniaoue foouaing lena ( F/2, d'^BOmm ) 
Photon drag detector ( S 3 . 3 . 3  )
Ej -  Calorimeter ( 1 3 , 3 . 3  )
Re-Re (1)&(2) uaed for CO^ alignment,
Re-Re (3) uaed for target S Ruby laeer alignment.
A ijA, - Attenuatora
W jjM g  -  Au-Cu Mirrora
ap(l)S(2) Large aperturea











FIGURE 3.18 : OPTICAL LAYOUT (RRC).
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3 .3 .2  INFRA-RED SPECTROMETER
The s p e c t ro m e te r  was o f  C z e rn y -T u rn e r  t y p e  c o n f i g u r a t i o n  [ 5 3 .  I t  
b a s i c a l l y  c o n s i s t e d  o f  a se t  each o f  s l i t s ,  p lane  m i r r o r s  and
20 cm d ia m e te r  concave m i r r o r s  (see F ig .  3 . 1 9 ) .  I n  a d d i t i o n  t o
th e se  t h e r e  was a r o t a t a b l e  t a b l e  on which two g r a t i n g s  (T a b le  3 - 4 )  and 
a m i r r o r  were mounted.
The s p e c t ro m e te r  ( F i g .  3 .1 9  and T a b le  3 . 4 )  was a l i g n e d  u s in g  He-Ne 
l a s e r  CD w i t h  m i r r o r s  M, and ( F i g .  3 .1 8 )  i n  beam path  * b * .  The 
He-Ne l a s e r  be ing  f i r s t  d i r e c t e d ,  by M , ,  a lo ng  th e  COj, beam a x i s  w i t h  
t h e  a i d  o f  a p e r t u r e s  apCD and a p ® ,  b e f o r e  be ing  d i r e c t e d  back a long  
i t s  path  by The beam s p l i t t e r  (BS) and le n s  (L, ) ensured  t h a t  t h i s  
beam was focused  o n to  t h e  c e n t r e  .of  t h e  s l i g h t l y  cu rved  e n t ra n c e  s l i t s .  
The system was t h e n  a l i g n e d  such t h a t  t h e  beam was c e n t r a l  on a l l  t h e  
m i r r o r s ,  g r a t i n g s  and foc u s e d  c e n t r a l l y  o n to  t h e  e x i t  s l i t s .  Thus t h e r e  
was no net  m a g n i f i c a t i o n  f o r  the  system.
The g r a t i n g  t a b l e  co u ld  be r o t a t e d  by s t e p p e r  motor  or  m anua l ly  by 
t h e  a t t a c h e d  m ic r o m e te r .  I n i t i a l  c a l i b r a t i o n  o f  t h e  g r a t i n g s  was 
ach ie ve d  u s in g  a SP50 GoIay d e t e c t o r  i n  c o n j u n c t i o n  w i t h  a 1 0 .6 9  ym 
f i l t e r  (see Append ix B) and a G loba r  i n f r a - r e d  r a d i a t i o n  s o u r c e .  The 
He-Ne o r d e r s  and t h e  10 .6 9  pm f i l t e r  mark gave th e  r e q u i r e d  c a l i b r a t i o n  
f o r  t h e  g r a t i n g s  (see p l o t s  i n  F ig .  3 . 2 0 ( a )  & (b )  and T a b le  3 . 4 ) .
I n  o r d e r  t o  o b t a i n  a spec t rum ,  s a y ,  t h e  l a s e r  p r o f i l e ,  t h e  
s p e c t r o m e te r  was b ro ug h t  t o  a He-Ne o r d e r  j u s t  below 1 0 .6  pm and the n  
in c re m e n te d  by a c a l c u l a t e d  amount t o  10 .6  pm b e fo r e  s c a n n in g .  
S i m i l a r l y  f o r  second harmonic  spect rum but  on d i f f e r e n t  g r a t i n g  and 
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FIGURE 3 .2 0  : G r a t i n g  c a l i b r a t i o n  p l o t s .
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TABLE 3 .4
INFRA-RED SPECTROMETER
C o n f i g u r a t i o n  
Focal  Length 
A p e r t u r e
C z e rn y -T u rn e r  t yp e  
50 cm 
F / 2 . 5
GRATINGS (1) (2 )
r u l i n g 100 60 l ines /mm
s iz e 150*150 100*60 mm^
b la z e  wave leng th 10 6 pm
b la z e  ang le 30 10 .4 degrees
s p e c t r a l  range 7 -12 4-11 pm
T h e o r e t i c a l  D i s p e r s i o n C e x p t ) 50(50) 95(96) A/min
T h e o r e t i c a l  R e s o lu t i o n 7 >10
0
A
Percen tage  T ra n s m is s io n (A ) 60(10y ) >20(10p) %
A ls o  see K im m i t t  L S I
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3 .3 .3  DETECTORS
AU-GE DETECTOR :
The d e t e c t o r  o f  p r ime im por tance  i n  t h i s  s tudy  was th e  go ld -doped  
germanium (Au-Ge) which was used f o r  t he  s p e c t r a l  a n a l y s i s  o f  the  
s c a t t e r e d  r a d i a t i o n .  The d e t e c t o r  was t h e  Barnes A-200 s e r i e s  t yp e  
f i t t e d  w i t h  an I r t r a n  I I  (Ca lc ium F l u o r i d e )  window. The s p e c t r a l
response o f  Au-Ge d e t e c t o r  i s  shown i n  F ig u re  3 . 2 1 .
The d e t e c t o r  was mounted i n  a copper c y l i n d e r  (see F ig .  3 .2 2 )  t o  
s h i e l d  i t  f rom r . f .  n o ise  f rom th e  spark gaps .  Due t o  t h e  d es ign  o f  th e  
d e t e c t o r  and dewar v e s s e l  i t  was not  p o s s i b l e  t o  have th e  s e n s i t i v e  
e lement d i r e c t l y  beh ind  th e  e x i t  s l i t s  o f  t h e  s p e c t ro m e te r .  Thus 
i n s t e a d  a m i r r o r ,  le ns  c o m b in a t io n  was employed t o  r e fo c u s  th e  image 
f rom th e  s l i t s  o n to  t h e  d e t e c t i n g  e lement  ( F i g .  3 . 2 2 ) .  The b ia s
c i r c u i t a r y  schemat ic  f o r  t h e  d e t e c t o r  i s  shown i n  F ig .  3 .23
The c h a r a c t e r i s t i c s  o f  th e  Au-Ge d e t e c t o r  a long  w i t h  o th e r s  used






FIGURE 3 .2 1  : S p e c t r a l  response  o f  Au-Ge d e t e c t o r .
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Au-G*e btTECTOR.
L  -  SALT Ckcl) LENS C F ^ - 5 ,  - f - S c A t )  
A -  fVTTENUAToR-S 
S -  SPeCTRoMETtR S W T S  
M -  Ml &RO&
FIGURE 3 .2 2  : Au-Ge d e t e c t o r  mount and o p t i c s .
loo  k^L  
POT
FIGURE 3 .23  : Au-Ge d e t e c t o r  b ia s  sch em at ic .
The b ia s  c u r r e n t  was se t  a t  10 ^A where and S/N r a t i o  were optimum
f o r  an i n f r a r e d  GLobar source a t  10 K modula ted a t  a few kHz.
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3 .3 .4  INTERACTION CHAMBER
TARGET CHAMBER :
A schemat ic  o f  the  i n t e r a c t i o n  chamber i s  shown i n  F ig .  3 .2 4 .  The 
i n t e r n a l  d ia m e te r  of  the  chamber i s  a p p ro x im a te ly  30 cm and has e i g h t  
c e n t r a l l y  spaced p o r t s  ( ' A '  t o  *H ' )  o f  d iam e te r  75 mm w i t h  one s m a l le r  
p o r t  (d iam. 50 mm) f o r  r o t a r y  and d i f f u s i o n  pumps. The chamber could be 
evacuated down t o  < 1 0 ' *  t o r r  i n  — 15 m in u te s ,  a t  which most exper imen ts  
were per fo rm ed .  O f ten  most p o r t s  were i n  use,  e .g .  'A* f o r  ruby i n p u t ,  
*G* f o r  CO2 i n p u t ,  *H* f o r  Thomson s c a t t e r i n g ,  ' D' and ' E* f o r  v ie w in g  
and beam dumps, ' C  f o r  a l i g n m e n t ,  ' F' f o r  X -ray  a n a l y s i s  l e a v in g  ' B' 
f r e e  f o r  BNC connec to rs  and v ie w in g -  F igu re  3 .25  shows a photograph of  
the  t a r g e t  chamber.
FIGURE 3 .2 5  : P ho tog ra ph  o f  th e  t a r g e t  chamber-
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I n t e r n a l  d ia m e te r  : 32 mm
E x te rn a l  d iam ete r  : 42 mm
Por t  d ia m ete rs  : 75 mm except f o r pump(50 mm)
Number o f  p o r t s  : 8 +1 f o r  vacuum pump.
FIGURE 3 .2 4  : INTERACTION CHAMBER.
b






















T  — Taec-eT MOUNT ( See inset) 
P — PfcUt-ICUt 
L -  LEWS
C.. K -  movements
a -  h e igh t  adjus tment  f o r  Lens 
b -  t i l t  ad jus tment  f o r  lens 
c -  r o t a t i o n a l  ad jus tment  f o r  lens  mount 
d -  t r a n s l a t i o n a l  ad jus tment  f o r  lens mount 
e , f / 9 , h  -  gon iometer  ad jus tmen ts  a long  and p e r p e n d ic u la r  t o  C0% la s e r  
ax i  s
j  -  r o t a t i o n a l  ad jus tment  o f  t a r g e t
k -  t r a n s l a t i o n a l  ad jus tment  a long  00% la s e r  a x i s  o f  j o i n t  
t a r g e t / l e n s  assembly 
I -  h e igh t  ad jus tment  o f  t a r g e t
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Ht%AG,oNAL- M a s k b»FFR A C TloN  PATTERN OF MASK (c )
FIGURE 3.27 : Determination of focus of germanium meniscus lens
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LENS AND TARGET MOUNTS :
The Lens and t a r g e t  mounts were r i g i d l y  a t ta ch e d  t o g e t h e r  though 
i t  was p o s s i b l e  t o  make smal l  ad jus tmen ts  on e i t h e r .  The lens  mount had 
a coarse and a f i n e  t r a n s l a t i o n a l  ad jus tment  *d* t o  enab le  a ccu ra te  
f o c u s in g  ( F i g .  3 . 2 6 ) .  The lens  was mounted a p p ro x im a te ly  c e n t r a l  t o  the  
COj. l a s e r  a x i s  and p r e c i s e l y  us ing  the  f i n e  ad jus tment  ' a ' .  I t  could 
a l s o  be t i l t e d  *b* and r o t a t e d  'c *  around t a r g e t  a x i s  e n s u r in g  a w e l l  
d e f i n e d  focu s  p o s i t i o n .  I n  o rd e r  t o  p r o te c t  the  lens  f rom t a r g e t  d eb r i  
a p e l l i c l e ,  P, was p la ced  a t  an ang le  i n  between,  us ing  a p r o t r u d e d  bar 
f rom the  lens  mount .
Once th e  lens  was focused on to  the  t a r g e t  (see l a t e r )  the
connected t a r g e t - l e n s  assembly cou ld  be moved a long  l a s e r  a x i s  ' k ' 
w i t h o u t  a f f e c t i n g  the  f o c u s -  A gon iometer  a l lowed  f o r  a ccu ra te  t a r g e t  
p o s i t i o n i n g  on o th e r  axes ( e , f , g , h ) ,  and th e  t a r g e t  h o ld e r  (see i n s e t )  
cou ld  be r o t a t e d  about  i t s  a x i s  ( j ) .  A s tepper  motor a t ta c h e d  t o  a 
m ic rom ete r  v i a  b e l lo w s  ( F i g .  3 -26 )  a l low e d  remote movements o f  the
t a r g e t  v e r t i c a l l y  up or  down ( I ) .
FOCUSING :
The lens  focus  was de te rm ined  us ing  a Hartmann d iaphragm,
c o n s i s t i n g  o f  t h r e e  ho les  (~1 mm d iam . )  i n  an a lumin ium p l a t e  [ F i g .
3 . 2 7 ( a ) ] .  Wi th the  lens  m ic rom ete r  set i n  midrange and us in g  th e  coarse
ad jus tm en t  an approx im a te  lens  focus  p o s i t i o n  was o b ta in e d .  The lens
was th e n  secured and m ic rom ete r  moved t o  one ex treme.  A burn  p a t t e r n  on
_ 2
exposed P o l a r o i d  was the n  taken  w i t h  the  chamber at  p<10 t o r r .
Ano ther burn p a t t e r n  was taken  w i t h  the  m ic rom ete r  at  the  o th e r
ex trem e.  By measur ing th e  s e p a r a t i o n ,  x ,  o f  the  burn d o ts  f o r  the
c o r re s p on d ing  m ic rom ete r  v a lu e s ,  i t  was p o s s i b l e  t o  a c c u r a t e l y
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de te rm ine  the  focus  f rom th e  p l o t  o f  x ve rsus  m ic rometer  read in g  [ F i g .
3 . 2 7 ( b ) ] .  The m ic rometer  was then  set t o  t he  de te rm ined  v a lu e  and th e
focu s  checked us ing  a hexagonal  mask [ F i g .  3 . 2 7 ( c ) ]  which gave a
sym m et r ica l  d i f f r a c t i o n  p a t t e r n  as shown i n  F ig .  3 . 2 7 ( d ) .  The focus  
p o s i t i o n  was checked r e g u l a r l y ,  e s p e c i a l l y  b e fo re  any e xp e r im e n ta l  run .  
A lso  i t  was ensured t h a t  th e  00% la s e r  focused on to  th e  same spot  as 
He-Ne la s e r  (2) i n  F ig .  3 .1 8  by making f i n e  ad jus tm en ts  t o  e i t h e r  the  
t i l t ,  h e ig h t  or  r o t a t i o n  o f  the  le n s .  F ig u re  3 .2 8  shows th e  q u a l i t y  o f  
focus  us ing  a h e a v i l y  a t t e n u a te d  COj. l a s e r  beam. The burn  p a t t e r n
b e i n g ,  once a g a in ,  on exposed P o l a r o id  f i l m .
FIGURE 3 .2 8  : Photograph o f  focus  w i t h  h e a v i l y
a t t e n u a te d  CO^ beam.
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3 .3 .5  OPTICAL DIAGNOSTICS
The o p t i c a l  arrangement used t o  probe th e  CO^  genera ted  plasmas i s  
shown i n  F ig .  3 . 2 9 .  The s y n c h r o n i s a t i o n  o f  t h e  two la s e r  systems was 
ach ieved  us ing  a c o i l  p i c k - u p  s i g n a l ,  f rom the  CO2 l a s e r  d i s c h a r g e ,  
which then  t r i g g e r e d  th e  ruby P o c k e l l  c e l l  a f t e r  an a p p r o p r i a t e  de lay  
(see F ig .  3 . 2 4 ) ,  as d iscussed  e a r l i e r  i n  $ 3 . 2 . 4 .  I t  was a ls o  p o s s i b le  
t o  c l i p  t h e  ruby pu lse  f u r t h e r  t o  o b t a i n  ruby pu lses  o f  s h o r t e r  
d u r a t i o n ,  us ing  ano the r  P o c k e l l  c e l l ,  a p a i r  o f  G lan -p r ism s  and a l a s e r  
t r i g g e r e d  spark gap [ 9 ] .
As i n d i c a t e d  on the  F ig u r e ,  a s i m i l a r  s e t -u p  was used t o  o b t a i n  
shadowgrams o f  the  p lasma. A narrow band ruby f i l t e r  
( A o  =0.6943 pm, /^A-10A)  was necessary t o  p re ven t  ' f o g g i n g '  o f  the  
p ho to g ra p h ic  f i l m  due t o  plasma l i g h t .  A lso  s p a t i a l  f i l t e r i n g  was 
necessary  f o r  a u n i fo rm  beam p r o f i l e .
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[F o r  shadowgrams, as above but w i th o u t  re fe re n ce  beam.
Focused shadowgrams w i t h  Lens L and unfocused shadowgrams w i t h o u t  Lens 
and w i t h  f iLm  pLane - 2 5  cm f rom pLasma.]
FIGURE 3 .2 9  : S e t -u p  f o r  h o L o g ra p h ic  i n t e r f e r o m e t r y .
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3 . 3 . 6  X-RAY DIAGNOSTICS
A s im p le  p in h o le  camera w i t h  an a lumin ium f o i l  as a X - ray  f i l t e r  
( F i g .  3 .3 0 )  was employed t o  g i v e  i n f o r m a t i o n  on th e  tem pe ra tu re  
d i s t r i b u t i o n  i n  t h e  p lasma. The r e s u l t s  were recorded on 35 mm Kodak No 
Screen NS 692T f i l m  w i t h  x5 m a g n i f i c a t i o n -  The o p t i c a l  arrangement o f  
t h e  camera was as i n  F ig .  3 . 3 0 ( c )  where the  t a r g e t  was t i l t e d  at  45° 
w i th  respec t  t o  CO2 beam a x i s .  The r e s u l t a n t  image was e l l i p t i c a l  as 
indeed i t  was expected (see f i g  3 . 3 1 ) .  A t y p i c a l  r e s u l t  f rom one la s e r  
shot  on a carbon t a r g e t  w i t h  1 .5  ^m & 5 pm alumin ium f o i l s  i s  shown i n  
F ig .  3 . 3 1 .  F u r th e r  d i s c u s s io n  o f  r e s u l t s  i s  l e f t  f o r  the  f o l l o w i n g  
c h a p te r .
Work i s  p r e s e n t l y  under way [ 6 ]  us ing  two pho to tubes  w i th  
d i f f e r e n t  f i l t e r s  p laced  i n  f r o n t  o f  NE102 s c i n t i l l a t o r s .  T h is  g ive s  an 
immediate i n d i c a t i o n  o f  the  tem pe ra tu re  a t  any t im e  f rom the  s i g n a l  
r a t i o .  A lso  a X - ray  m ic rochanne l  p l a t e  i n t e n s i f i e r  i s  be ing  developed 
t o  y i e l d  an i n s t a n t  X - ray  d i s t r i b u t i o n  on th e  t a r g e t  f o r  every la s e r  
s h o t .  -------------------------------------------------------------
FIGURE 3 .31  : T y p i c a l  x - r a y  r e s u l t .
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3 .4  NEODYMIUM-GLASS LASER
3 .4 .1  DESCRIPTION
The phosphate g la ss  l a s e r  f a c i l i t y  a t  the  R u th e r f o rd  App le ton  
L a b o ra to ry  (RAL) was se t  up, f o r  our e xpe r im en ts ,  t o  p ro v ide  pu lses  o f  
1 -7nsec(fwhm) d u r a t i o n  a t  a wavelength  of  1 .064 |^m and e ne rg ie s  o f  up 
t o  100 J on to  the  t a r g e t .
The o s c i l l a t o r  bench arrangement used i s  shown i n  F ig .  3 .3 2 .  The 
one Quante l  6 mm YAG o s c i l l a t o r  was e i t h e r  Q -sw i t ched  or  mode locked  as 
s e le c te d  by the  p o s i t i o n s  o f  the s tack  p l a t e  p o l a r i s e r ,  long é t a l o n  and 
dye c e l l .  Changing one c a v i t y  t o  ano the r  cou ld  be accompl ished w i t h o u t  
r e a l i g n m e n t .  The 20 nsec(fwhm) 6 mJ Q-sw i tched  pu lse  was f i r s t  
p r e - a m p l i f i e d  t o  about  50 mJ and then passed th rough a pu lse  s l i c e r  
which chopped out  a 1 .7  nsec d u r a t i o n  sp ike  f rom the  pu lse  peak. A f t e r  
f u r t h e r  a m p l i f i c a t i o n  the  pulse r e j o i n e d  the  common path th rough the 
dye c e l l  and doub le  passed a 16 mm g la s s  rod a m p l i f i e r .  Up t o  230 mJ 
were r o u t i n e l y  d e l i v e r e d  th rough  the  s p a t i a l  f i l t e r  p in h o le  t o  the  main 
a m p l i f i e r  cha in  (see F ig .  3 . 3 3 ) .  The p r e p u ls e ,  caused by the  leakage of  
the  remainder o f  the  Q -sw i t ched  pu lse  was ve ry  low, be ing  10 ^ i n  power 
a f t e r  the pulse  s l i c e r ,  10*^ a f t e r  the  o s c i l l a t o r  bench dye c e l l ,  and 
10’ ^ a f t e r  the  a m p l i f i e r  cha in  dye c e l l .
The o s c i l l a t o r  was p a s s i v e l y  Q -sw i tched  and c o n s t r a in e d  t o  a 
s i n g l e  l o n g i t u d i n a l  mode a t  1.064 pm ou tp u t  by a resonant  ou tp u t  
r e f l e c t o r .  A s p a t i a l l y  and t e m p o r a l l y  smooth pulse  was produced,  w i th  
le s s  than  a 1% f a i l u r e  r a te  o f  modulated p u ls e s .
-1 1 4 -
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FIG UR E 3 . 3 2 O s c i l la t o r  b e n c h  a rra n g e m e n t
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FIG UR E 3 . 3 3 G la s s  la s e r  in s t a l la t io n
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The puLse s e l e c t o r  c o n s i s te d  o f  a p a i r  o f  P o c k e l l  c e l l s ,  d r i v e n  by 
a l a s e r - t r i g g e r e d  spark gap,  between G la n - T a y lo r  p r i s m s .
The l a s e r  o u tp u t  cou ld  be f re quency  doubled  t o  0-53 ym by means o f  
a KDP c r y s t a l  w i th  >50% e f f i c i e n c y .
3 .4 .2  TARGET AREA
The t a r g e t  area used i n  th e  exper im en ts  cou ld  accomodate e i t h e r  
s i n g l e  beam i n t e r a c t i o n  expe r im en ts  or  two beams f o r  compression 
e x p e r im e n ts .  Here,  however,  i t  was fed  w i t h  a s i n g l e  f u l l - a p e r t u r e  beam 
from a doub le -passed  d i s c  a m p l i f i e r  i n  t h e  l a s e r  room.
The layou t  o f  h igh power beams can be seen i n  the  o v e r a l l  o p t i c a l  
la yo u t  l a t e r  i n  t h i s  chap te r  ( F i g .  3 . 3 6 ) .  The arrangement used t o  
gene ra te  l o c a l  expanded beams f o r  t a r g e t  a l ignm en t  and f o c u s i n g ,  and t o  
compare these  w i th  the  l a s e r  a r e a ' s  cw YAG a l ignm en t  beam i s  i n d i c a t e d  
i n  F ig .  3 . 3 4 .  A s i n g l e  s p a t i a l  f i l t e r  was used f o r  a l l  beams. The main 
c o l l i m a t i n g  l e n s ,  an F/5 a i r  spaced d o u b le t  was des igned by th e  l a s e r  
d i v i s i o n  at  RAL. Loca l  and d i s t a n t  beams were combined on th e  90% 
r e f l e c t i n g  s p l i t t e r  (removed d u r in g  l a s e r  sho ts )  and compared on a 
t e l e m ic r o s c o p e  TV3 hav ing  an a ng u la r  d e f i n i t i o n  o f  a few m i c r o - r a d i a n s .  
The o v e r a l l  s t a b i l i t y  o f  t he  m i r r o r - t o w e r  system which brought  the  beam 
from the  l a s e r  a re a ,  30 meters away, t o  T A I I  was good (see ske tch  i n  
F ig .  3 . 3 5 ) .
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FIG URE 3 . 3 4 L o c a l la s e r s  in  T A II
- 1 1 8 -
The use o f  l o c a l l y  produced beams f o r  most a l ignment  and fo c u s in g  
o p e r a t i o n s  a l lowed  work t o  proceed i n  t he  t a r g e t  area w h i l e  th e  main 
l a s e r  was being  a d j u s t e d .  The la s e r  area beam was checked a ga in s t  the  
l o c a l  beam b e fo re  each shot  and b rought  i n t o  c o l i n e a r i t y  by a d j u s t i n g  a 
p a i r  o f  m i r r o r s .  However, i f  no rea l ignm ent  had been made elsewhere i n  
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F ig u re  3 .3 5  : Layo u t  o f  h ig h  power beams i n  t a r g e t  a re a .
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The t a r g e t  f o c u s in g  and a l ignm en t  t e le m ic ro s c o p e s  were mounted on 
a g a n t r y  above th e  t a r g e t  chamber as shown i n  F ig .  3 . 3 5 ( f o r  two beams),  
making th e  f l o o r s p a c e  a v a i l a b l e  f o r  e xp e r im e n ts .  The t e le m ic ro s c o p e  
system opera ted  i n  t h r e e  modes :-
(a )  TV1 ; Fine m o n i t o r i n g  o f  the  t a r g e t  p lane  at  a m a g n i f i c a t i o n  o f
400x.
(b )  TV2 : Coarse m o n i t o r i n g  o f  t he  t a r g e t  p lane at  xIO m a g n i f i c a t i o n .
( c )  TV3 : Lens p lane v iew at  xO.1 m a g n i f i c a t i o n
The beams t o  t h e  t e le m ic ro s c o p e s  were taken  upwards by 50% beam 
s p l i t t e r s  so t h a t  the  b a c k s c a t te r e d  (o r  t r a n s m i t t e d )  l i g h t  was 
a v a i l a b l e  a t  normal beam h e ig h t  f o r  s p e c t ro s c o p y ,  e t c . .  Du r ing  s h o t s ,  
c a l o r i m e t e r s  were mounted on th e  g a n t r y  i n  f r o n t  o f  the  
t e l e m ic r o s c o p e s .
The lenses and the  t a r g e t  p l a t f o r m  were d r i v e n  by a s te p p in g  motor 
system which was c o n t r o l l e d  f rom a rack p la ced  beside  the  a l ignm en t  
l a s e r  system. T h is  rack  a l s o  housed the  re a d o u ts ,  t e l e v i s i o n  m o n i t o r s ,  
l a s e r  c o n t r o l s ,  remote f i l t e r  d r i v e s ,  e t c . .  A readout  o f  s te p -c o u n ts  
and o f  a b s o lu te  p o s i t i o n  ( f rom l i n e a r  p o t e n t i o m e te r s  mounted on the  
d r i v e s )  was p r o v id e d .  F i n a l l y ,  a sma l l  hand-he ld  c o n t r o l  cou ld  be used 
anywhere i n  t h e  room t o  make remote lens  o r  t a r g e t  a d jus tm en ts  i n  o rde r  
t o  f a c i l i t a t e  s e t t i n g  up o f  d i a g n o s t i c  a p p a ra tu s .  Ease and s e n s i t i v i t y  
o f  c o n t r o l ,  r e p r o d u c i b i l i t y  o f  p o s i t i o n  and back lash  were a l l  good.
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3 .5  EXPERIMENTAL PROCEDURE (ND SYSTEM)
Exper iments  were per fo rmed t o  see 2Wq s p e c u la r l y  s c a t t e r e d  and 
b a c k s c a t te r e d  f rom v a r i o u s  t a r g e t s .  Use o f  a spec t rometer  was c a l l e d  
f o r ,  a Monospek type 500 ,  d e t a i l s  o f  which are o u t l i n e d  i n  Table  3 . 6 .
3 .5 .1  OPTICAL LAYOUT
I n i t i a l  a l ignm ent  and c a l i b r a t i o n  was done f o r  the  Spex (Monospek 
500) spec t ro m e te r  us ing  a He-Ne l a s e r ,  v a r i o u s  UV lamps such as 
Cd/Hg/Zn and Argon lamps. The l a t t e r  gave many s p e c t r a l  l i n e s  over the 
e n t i r e  range of  i n t e r e s t .
TABLE 3 .6  
SPEX 500 SPECTROMETER
Focal  Length : 500 mm
A per tu re  : F/5
G r a t i n g  : r u l i n g  1200 l ines/mm
»
s i z e  10 cm *  10 cm
b la ze  0 .5  pm
D is p e rs io n  : 15.5 A/mm a t  X.-4700 A
R e s o lu t i o n  : 0 .05  A a t X - 5 0 0 0  A
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The o p t i c a l  arrangement as a whole i s  shown i n  F igu re  3 .36  and the  
v a r i o u s  o p t i c a l  components are l i s t e d  i n  Tab le  3 . 7 .  The o p t i c a l  s e t - u p  
r e l e v a n t  f o r  our  exper iment  i s  set  out  i n  g r e a t e r  d e t a i l  i n  F igu re  3 .37  
w i t h  d i s t a n c e s  i n d i c a t e d  i n  cm.
The diagram i n  F ig .  3 .3 6  shows th e  H o lga te  c a l o r i m e t e r s  m o n i t o r i n g  
th e  i n c i d e n t  and b a c k s c a t te r e d  e n e r g ie s ,  s t r e a k  camera (E )  m o n i t o r i n g  
th e  tem po ra l  p r o f i l e  o f  t he  i n c i d e n t  beam, w h i l s t  s t re a k  camera ®  i n  
c o n j u n c t i o n  w i t h  a Monospek spec t ro m e te r  and o p t i c a l  m u l t i c h a n n e l  
a n a ly s e r  (OMA) re co rd  th e  i n c i d e n t  and b a c k s c a t te r e d  spectrum around 
the  i n c i d e n t  f re q u e n c y .  D e t a i l s  o f  the  o p t i c a l  components are g iven  i n  
Tab le  3 .7  w i th  a key.  As can be seen,  d i f f e r e n t  m i r r o r s  have been used 
a long  d i f f e r e n t  pa ths  depending on what i s  be ing  a na ly s e d ,  e . g .  f o r  2w<, 
i n t e r e s t e d  i n  r e j e c t i n g  as much i n f r a r e d  as p o s s i b l e ,  thu s  use o f  green 
b ia sed  m i r r o r s .
The t a b l e  p resen ts  the  r e f l e c t i v i t i e s  (R) o r  t r a n s m i s s i v i t y  (T)  o f  
t h e  v a r i o u s  components a t  p a r t i c u l a r  wave leng ths  w i t h  i n d i c a t i o n s  f o r  
a n t i - r e f l e c t i o n  (AR) coated o p t i c s  and t h e i r  a ng u la r  o r i e n t a t i o n  ( e . g .  






FIGURE 3.36 : Optical layout in TAII




01 50% R 1 .06  pm a 45“
1 /3 8 HR a 1.06  pm 45""-P
2 /2 4 -2 9 99% a 0.53 pm, AR 45°-P
2 /2 5 -3 0 HR a 0-53 pm, AR 45°-P
2/25-31 HR a 0.53 pm, AR 45°-P
2/28 HR a 0.53 pm, AR 45°-P
3 /6 99% R a 1 .06  pm 25°-P
3 /8 HR a 1 .06 pm 45°-P
3 /12 HR 45 a 1.06  pm (n o t  AR c o a te d ) -P
3 /14 HR a 1 .06  pm 45°-P
3 /25 -26 HR a 0.53 pm 0° + AR
3 /2 7 -2 8 HR a 0.53 pm o'" + AR
09 HR a 1 .06  pm 45°-P
11/41 96% R 4 5° -S
11/20-21 4% R a 45°-S/AR 1 .06 pm
12/3 1.06  pm HR 45°-P/AR
1 2 /4 HR a 1.06  pm 45°-P
12/41 -42 50% AR 1 .06  pm a 45 ’^
15 one s id e  AR a 0 .6  pm, o th e r  R a 0.71
The t a b l e  p re s e n ts  the  r e f l e c t i v i t i e s , R  ( t r a n s m i v i t i e s ,  T) o f  v a r io u s  
components i n  F ig -  3 .3 6  a t  p a r t i c u l a r  wave leng ths  w i t h  i n d i c a t i o n s  f o r  
a n t i - r e l e c t i o n  (AR) coated  o p t i c s  and t h e i r  o r i e n t a t i o n  ( e . g .  45 ) -  
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FIGURE 3.37 Experimental set-up at RAL
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Al ignment  o f  the  v a r i o u s  o p t i c a l  components was c r i t i c a l  and had 
t o  be checked o f t e n .  I n i t i a l  a l ignment  was made using the  He-Ne l a s e r .  
B a s i c a l l y  the  image o f  the  p a r a b o lo i d  was focused onto  the  s l i t s  a long 
w i t h  t he  l i g h t  t h a t  passed back th rough  the  le n s .  In  the  l a t t e r  case 
use o f  a p o i n t e r  p laced  i n  f r o n t  o f  the  lens  helped t o  ach ieve  t h i s .  
Here we used a p a r a l l e l  source o f  w h i te  l i g h t  p laced  beh ind the  t a r g e t .  
The r e s u l t i n g  focused  image taken  on P o l a r o id  type  57 f i l m ,  i s  shown i n  
F ig u re  3 . 3 8 .  T h i s  shows t h a t  the  t o p  image i s  due t o  th e  lens (no te  the  
p o i n t e r  used f o r  f o c u s in g )  and th e  lower image i s  due t o  the  
p a r a b o l o i d .  More than  o n e - h a l f  o f  the  p a r a b o lo i d  was imaged and i t  was 
v e r i f i e d  t o  be the  to p  h a l f .  Once aga in  a l ignm en t  was doub le  checked 
us in g  a YAG l a s e r .  D e t a i l s  o f  th e  p a r a b o lo i d  used are o u t l i n e d  i n  Table  
3 .8  and F ig .  3 . 3 9 .
FIGURE 3 .3 8  : Image of lens and parabolo id  at back of Spex 500
spectrometer.
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TABLE 3 .8  : PARABOLOID
Ref.  No. 
F/mm 
9 / mm 
d/mm 
h/mm
B lu r  c i r c l e  : 
quoted/mm 
observed/mm 
c o a t in g
R e f l e c t i v i t y  :
3 1 y m












85% —  93% 
76% —  90%
K-----d
FIGURE 3 .3 9  : Paraboloid parameters,
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Befo re  any t a r g e t  ( $ 3 .5 . 2 )  was i r r a d i a t e d  by the  main neodymium 
la s e r  i t  was p laced  at  th e  focus  o f  the  p a r a b o lo i d  and a d ju s te d  t o  be 
normal t o  th e  incoming beam us ing  a He-Ne l a s e r .  The t a r g e t  was then  
p la ced  at  t h e  focus  o f  t h e  F/5 l a s e r  le n s ,  us ing  a YAG l a s e r ,  by moving 
th e  p a r a b o l o i d - t a r g e t  assembly.
The la s e r  r a d i a t i o n  was t y p i c a l l y  focused t o  a s p o t - s i z e  o f  100 ym 
and th e  s p e c u la r l y  b a c k s c a t te r e d  r a d i a t i o n ,  c o l l e c t e d  by the  
p a r a b o l o i d ,  and b a c k s c a t t e r  c o l l e c t e d  by the  lens were s p e c t r a l l y  
a na ly s e d .  The sp ec t ro m e te r  was set  t o  look  a t  the  second harmonic 
r a d i a t i o n  and consequen t l y  use o f  green m i r r o r s  was emphasised t o  
reduce th e  e f f e c t  f rom w^ t o  i n s i g n i f i c a n c e .
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3 .5 .2  TARGETS
The s e t -u p  i n s i d e  the  t a r g e t  chamber i s  shown s c h e m a t i c a l l y  i n  
F ig -  3 .4 0 .
-El
1 .  Angled t a r g e t s .
2.  Ta rge t  h o l d e r .
3 .  P a r a b o lo id .
4 .  O p t i c a l  bench l i n k i n g  the  mount , on which the  p a r a b o lo id  i s  
p la c e d ,  t o  t h e  t a r g e t  h o l d e r .
5 .  C l i p  f o r  t a r g e t  h o l d e r .
6 .  Laser f o c u s in g  F/5 le n s .
FIGURE 3 .4 0  : Target set-up (exaggerated)
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TARGET CONSTRUCTION :
Holes o f  d ia m ete r  1-5 mm were d r i l l e d  i n t o  a s o l i d  meta l  b lo ck  at 
v a r i o u s  a ng le s .  These were then  f i l l e d  w i t h  s t a i n l e s s  s t e e l  p in s  ( th e  
s u b s t r a t e ) .  One o f  the  meta l  b lo ck  face  was then  grounded and p o l i s h e d  
f l a t  b e fo re  hav ing go ld  and aluminium be ing  evapora ted on to  i t  (see 
F ig .  3 . 4 1 ) .
FIGURE 3.41 : C ro s s -s e c t i o n  showing th e  metal  b lock  used f o r  angled
t a r g e t  c o n s t r u c t i o n .
The coated s t e e l  p in s  were then  g e n t l y  popped o u t .  A l i s t i n g  o f  
the  t a r g e t s  i s  g ive n  i n  Tab le  3 . 9 .
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ANGLE OF TARGETS :
, The ang les  o f  t h e  v a r i o u s  t a r g e t s  were c a l c u la t e d  f rom the  
measurements made on the  r e f l e c t i o n  o f  the  He-Ne la s e r  l i g h t  f rom the  
t a r g e t s  when p laced  a t  t h e  focus  o f  the  p a r a b o lo i d .  Th is  was performed 
by us in g  a g r a t i c u l e  ( b a s i c a l l y  a sheet o f  graph p a p e r ) ,  w i t h  a smal l  
ho le  at  i t s  ce n t re  and p laced  d i r e c t l y  i n  f r o n t  o f  the  p a r a b o lo i d .  The 
He-Ne l a s e r  beam passed th rough  the  ho le  and then  r e f l e c t e d  o f f  the  
t a r g e t  t o  s t r i k e  the  g r a t i c u l e  at  some p o i n t .  The t a r g e t  was then  
a d ju s te d  so t h a t  the  r e f l e c t e d  beam went back i n  th e  same d i r e c t i o n  and 
v e r t i c a l  p la n e .  The d i s t a n c e  between the  c e n t re  and the  r e f l e c t e d  beam 
on th e  g r a t i c u l e ( y )  were measured a long w i t h  the  d is ta n c e  between the  
t a r g e t  and th e  g r a t i c u l e , z .  The l a t t e r  remained f i x e d  f o r  a l l  t a r g e t s ,  
t o  a good ap p ro x im a t io n  (see F ig .  3 . 4 2 ) .
z e
FIGURE 3 .42  : Measurement o f  t a r g e t  a ng le .
From th e  F igu re  i t  f o l l o w s  t h a t ,
ta n  2 0 =  y / z  (3.1 )
Thus we can dete rm ine  th e  ang le  o f  t a r g e t ,  6  . These measurements were
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compLeted f o r  a l l  the  t a r g e t s  at  the  beg in n in g  o f  th e  e x pe r im en t .  The 
t a r g e t s  were then  L a b e l le d  a cco rd in g  t o  t h e i r  d i s t a n c e  y i n  mm, e . g .  Al 
X X X I I I  .
The complete l i s t  o f  a l l  the  t a r g e t s  and th e  r e le v a n t  measurements 
a re  p resen ted  here i n  Tab le  3 . 9 .  The F igu re  below shows a photograph o f  
th e  t a r g e t  i n  i t s  h o l d e r ,  th e  l e f t  end be ing  angled  and coated w i t h  
e i t h e r  a lumin ium or g o l d .  I t  i s  on t h i s  face  t h a t  the  l a s e r  r a d i a t i o n  
was focu se d .
FIGURE 3 .43  : Photograph of ta rg e t  in  i t s  ho lder.
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TABLE 3 . 9  : TARGETS
TARGET Y/mm 20/° TARGET Y/mm 26/°
AL I • 2 2 .9 Al XXVI 35 41 .2
AL I I 0 0 Al  XXVII 35 41.2
AL I I I 15 20.5 Al  X X V I I I 51 51 .9
Al  IV 11 15 .4 Al XXIX 40 45.0
Al V 12 16.7 Au XXXI 46 49.0
Al  VI 13 18.0 Au XXXII 13 18.0
Al  V I I 19 25.4 Au XXXV 16 21 .8
Al  V I I I 30 36 .9 Au XXXVII 22 28.8
Al  IX G 0 Au XXXIX 33 39.5
Al  X 0 0 Au XLI 24 31.0
Al  X I I 12 16.7 Au X L I I 34 40.4
Al  XIV 31 37.8 Au X L I I I 28 35 .0
Al  XV 17 23.0 Au XLIV 32 38 .7
A l  X V I I 20 26.6 Au XLVI 29 36 .0
Al  X V I I I 10 14.0 Au XLVII 51 51 .9
Al  XIX 35 41.2 Au XLIX 45 48.4
Al  XXI 24 31.0 Au L I 5 7.1
Al  XXI I 28 35-0 Au L U 5 7.1
Al  X X I I I 47 49.6 Au LIV 0 0
Al  XXIV 47 49.6 Au L V I I 45 48.4
Al  XXV 33 39.5 Au L V I I I 45 48.4
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4.1 BACKSCATTER & SBS (CO^ SYSTEM)
R e f l e c t i v i t y  and B r i l l o u i n  measurements a t  RHC were undertaken 
w i t h  a v iew t o  u nd e rs tan d in g  the  a b s o r p t i o n  p r o p e r t i e s  o f  the  plasma. 
T h is  would then  i n d i c a t e  the  percen tage o f  the i n c i d e n t  energy 
r e f l e c t e d  and a ls o  the re by  g iv e  e s t im a te s  o f  the  plasma tem pera tu re  i n  
the  underdense re g io n .  These would then  prove t o  be u s e fu l  f o r  
subsequent d i s c u s s io n  on second harmonic and o th e r  d i a g n o s t i c s .
REFLECTIVITY :
Using appara tus  d e s c r ibe d  i n  the  p re v io u s  chap ter  ($3) carbon 
t a r g e t s  were i r r a d i a t e d  by CO^ r a d i a t i o n  w i t h  the  i n c i d e n t  and 
r e f l e c t e d  r a d i a t i o n  be ing  m on i to red  by ca lo r im e te rsCGen tec  Model 
ED-500) and p ho ton -d rag  d e te c to r s C R o f i n  type  741 5 ) .  One c a lo r im e t e r  was 
p laced  i n  beam path ' d '  t o  m o n i to r  the  r e f l e c t e d  energy ,  w h i l s t  the 
o t h e r ,  o f  s i m i l a r  t y p e ,  was p laced i n  beam 'e *  f o r  the  i n c i d e n t  
energyCsee F ig .  3 . 1 8 ) .  The tempora l  p r o f i l e  o f  the  COj. l a s e r  was 
m o n i to red  by the  pho ton -d rag  d e t e c t o r ,  i n  beam ' c ' ,  and t h i s  d i d  not  
va ry  much, f rom shot  t o  s h o t ,  t o  those  shown e a r l i e r  i n  F ig .  3 . 2 .
A f t e r  hav ing  c o r r e c t e d  f o r  the  d i f f e r e n c e s  i n  c a l i b r a t i o n  o f  the 
c a l o r i m e t e r s ,  compensated f o r  the a b s o r p t i o n  and r e f l e c t i o n  f rom the 
beam s p l i t t e r s  and p e l l i c l e s ,  va lues  f o r  the  r e f l e c t i v i t i e s  were 
o b ta in e d .  These have been p l o t t e d  i n  f i g s .  4 . 1 - 4 . 2  f o r  the  case o f  
p la n a r  carbon t a r g e t s  when i r r a d i a t e d  a t  d i f f e r e n t  i n c i d e n t  i n t e n s i t i e s  
f o r  s e v e ra l  t a r g e t  a ng le s .  Each data p o i n t  r e p re s en ts  a mean o f  f i v e  or 
more r e s u l t s .  F igu res  4 . 1 ( a ) & ( b )  i n d i c a t e  the b a c k s c a t te r e d  i n t e n s i t y ,  
I g ,  t o  va ry  l i n e a r l y  w i th  the  i n c i d e n t  i n t e n s i t y  I „  as
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FIGURE 4.1 : Backscattered intensity vs. incident intensity
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and observed t o  be about  15% f o r  cases o f  normal i n c i d e n c e ( 0 = 0 ° ) . and 
a lso  a t  0=9' * ,  and 1 5 * . . .
The ' t o t a l  r e f l e c t i v i t y ' ,  b a c k s c a t t e r ,  has been es t im a te d  f rom
t h a t  c o l l e c t e d  by the  f o c u s in g  le ns  and i s  a ls o  p l o t t e d  i n  F ig .  4 . 2 .  An 
average o f  10% c o l l e c t i o n  by the  lens  im p l i e s  b a c k s c a t t e r  o f  53%. On 
average an e s t im a te d  65% o f  the  i n c i d e n t  energy i s  r e f l e c t e d ,
c o n s i s t e n t  t o  those measured by Basov [ 2 ]  and re fe re n c e s  t h e r e i n .  From 
F ig u re  4 . 2 ,  i t  i s  seen t h a t  a b s o r p t i o n  i s  la r g e  f o r  8 -3 °  and a t  0 - 1 2 ° .  
I nc reased  resonance a b s o r p t i o n  a t  two or  p o s s i b l y  more ang les  o f  
i n c i d e n c e ,  f rom e q n . ( 2 . 2 2 ) ,  i m p l i e s  the  e x is te n c e  o f  two or more steep 
d e n s i t y  g r a d i e n t s .  As resonance occurs near n^ then  the  p l o t  o f  optimum 
ang les  ve rsus  s c a le - l e n g t h  i n  Fig 2 . 5 ,  i n d i c a t e s  the  va lu e  o f  the 
s c a l e - l e n g t h s ,  L ,  t o  be >500 jjm and 70 |jm f o r  a carbon plasma. I t  w i l l  
be shown l a t e r  ( $ 4 .3 .1 )  t h a t  these r e s u l t s  are c o n s i s t e n t  w i t h  those 
o b ta in e d  f rom in t e r f e r o g r a m s  and second-harmonic  r e s u l t s .  The
r e f l e c t i v i t y  was observed t o  be 10% g r e a t e r  f o r  h ig he r  Z t a r g e t s ,  such
as molybdenum, a r i s i n g  f rom ra p id  d e n s i t y  s tee pen ing .
BRILLOUIN SCATTERING :
The r e f l e c t i v i t y  measurements were u s e fu l  i n  i n d i c a t i n g  a b s o r p t i o n  
p r o p e r t i e s  o f  the  p lasma, but  more i n s i g h t  cou ld  be o b ta in e d ,  
p a r t i c u l a r l y  o f  the underdense r e g io n ,  i f  the b a c k s c a t te re d  r a d i a t i o n  
a t  w^ was ana lysed  and compared t o  t h a t  i n c i d e n t .  Th is  was achieved 
us in g  the  i n f r a - r e d  s p e c t r o m e te r ( $ 3 . 3 . 2 ) .
The b a c k s c a t te r e d  r a d i a t i o n  f rom the  t a r g e t ,  c o l l e c t e d  by the  
f o c u s in g  l e n s ,  was d i r e c t e d  towards the  spec t rometer  by the  s a l t  
b e a m - s p l i t t e r  (see F ig .  3 .18 )  and focused on to  the  s l i t s  by a s a l t  
l e n s ( L , ) .  The s l i t w i d t h  f o r  t h i s  a n a l y s i s  was -100  (jm. The p rocedure  i n
-138-
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FIGURE 4.3 : Incident & backscattered spectrum
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$ 3 . 3 . 2  f o r  t a k i n g  s p e c t ra  around was then f o l l o w e d ,  i . e .  a f t e r  
hav ing  a l i g n e d  the  system w i t h  He-Ne beam and approx imated f o r  10.6 pm 
re g io n .  The B r i l l o u i n  spectrum was then b u i l t  up f rom many07G) sh o ts .  
A l a s e r  spectrum was a lso  taken  by i n s e r t i n g  a m i r ro r (M ^ )  i n  COj. l a s e r
beam p a th ,  a long  w i t h  s u f f i c i e n t  a t t e n u a t o r s .  The i n c i d e n t  spectrum was
taken  e i t h e r  imm ed ia te ly  p r i o r  or d i r e c t l y  a f t e r  t a k i n g  the  B r i l l o u i n  
spectrum.
An example o f  the  i n c i d e n t  l a s e r  spectrum compared w i t h  a
b a c k s c a t te r e d  spec trum, f rom a carbon t a r g e t ,  i s  shown i n  F ig .  4 . 3 .  The 
wave length  i n d i c a t e s  t h a t  the  CO^  l a s e r  i s  m a in ly  l a s in g  on the  P(2G) 
l i n e ,  w i th  p - p o l a r i s a t i o n ( $ 3 . 2 . 6 ) ,  and the  b a c k s c a t t e r  shows a smal l  
c o n t r i b u t o r y  e f f e c t  due to  a weak P(18) l i n e !
B r i l l o u i n  r e s u l t s  i n d i c a t e  the  b a c k s c a t te r e d  sp e c t ra  t o  be
d is p la c e d  i n  wave leng th ,  w i th  respec t  t o  i n c i d e n t  r a d i a t i o n ,  by 3 G A 
t o  the  red a r i s i n g  as a r e s u l t  o f  loss  o f  i n c i d e n t  p h o to n 's  energy i n t o  
an i o n - a c o u s t i c  wave. The l i n e - w i d t h  o f  the  s p ec t ra  does not  show much 
v a r i a t i o n  though the  spectrum i s  1G A l a r g e r  which i s  due t o  the
c om b ina t ion  o f  fo rw a rd  r e f l e c t i o n  o f f  the c r i t i c a l  su r fa ce  and the
B r i l l o u i n  s c a t t e r  [ 2 3 ] .  I f  t h i s  was the  case,  then one expects t o  see a
sh ou ld e r  i n  the  spect rum,  but  due t o  the  ave rag ing  over many shots  t h i s  
e f f e c t  has been masked and on ly  an asymmetry,  towards the  re d ,  i n  the  
spectrum was observedCFig .  4 . 3 ) .
A l l  the  above r e s u l t s  above used a g r a t i n g  l a s e r  c a v i t y .  However, 
when a m i r r o r  l a s e r  c a v i t y  was s u b s t i t u t e d ,  the  l a s e r  l i n e  had a l a r g e r  
fwhm o f  9G Â w i t h  s i z e a b le  s ide  l i n e s  f rom a d jace n t  v i b r a t i o n a l
O
t r a n s i t i o n  modes. The B r i l l o u i n  spectrum was t y p i c a l l y  s h i f t e d  by 3G A 
t o  the  red f rom w^, f o r  the  case o f  a p la n a r  carbon t a r g e t .
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However, the ablation velocity was shown to be 10^ cm/s by shadowgrams 
[23] which would produce a blue shift of approximately 5 The ion-acoustic
wave which modulates the electron density to cause the Brillouin shift is 
travelling through this plasma. Since the plasma is travelling towards the
o  9
laser there is a blue shift o f  ^ A and hence the Brillouin red shift is 35 A.
Est im a tes  f o r  the plasma tempera tu re  were made us ing  the  matching  
c o n d i t i o n s ( 2 . 3 4 - 5 )  and the  d i s p e r s i o n  r e l a t i o n s ( 2 . 3 6 - 8 ) .  The i n c i d e n t  
f requency  w^, i o n - a c o u s t i c  f requency  Wj and i o n - a c o u s t i c  v e l o c i t y  c^ t o  
the  e l e c t r o n  d e n s i t y  n^,
W;/w^ ^  2CjC1 -  / c  (4 .2 )
where the a pp ro x im a t io ns  w^^ w^ ,  and c ^ « c  have been
used.  In  (4 .2 )  c r e p re s en ts  the  speed of  l i g h t ,  n^ and n^ the  e l e c t r o n  
and c r i t i c a l  d e n s i t i e s  r e s p e c t i v e l y .  As the  wavelength s h i f t  &X. i s  
r e l a t e d  th rough
W;/Wt ( 4 .3 )
i m p l i e s  &X -  n ^ / n ^ ]  Â (4 .4 )
f o r  a carbon(Z=6,A=12) t a r g e t ,  where the plasma tem p e ra tu re ,  T^,  i s  i n  
e l e c t r o n - v o l t s .
Since SBS occurs  i n  the  underdense r e g io n ( n ^ < n ^ ) ,  i t  i s  expected  
t h a t  the  r e s u l t i n g  spectrum r e f l e c t s  the  broad n a tu re  of  the  io n  wave 
spec trum. However, the  most im p o r ta n t  i n t e r a c t i o n  re g io n  i s  near the
o
c r i t i c a l  s u r f a c e ,  so f o r  the  above s h i f t s  o f  25-30 A plasma 
tem pe ra tu res  o f  150-350 eV a t  n«=0.9n^ are  deduced.  The s i g n i f i c a n c e  of  
these r e s u l t s  are  d e a l t  i n  the  f i n a l  s e c t i o n  o f  t h i s  c h a p t e r ( $ 4 . 5 ) .
4 .2  SECOND HARMONIC (CO^ SYSTEM)
N o n l in e a r  i n t e r a c t i o n s  o f  the  e le c t r o m a g n e t i c  waves w i t h  a p lasma, 
ment ioned e a r l i e r  i n  Chapter  Two, can lead t o  anomalous a b s o r p t i o n  o f  
the  l a s e r  r a d i a t i o n  and consequent  d e fo rm a t io n  o f  the  spectrum of  the
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r a d i a t i o n  r e f l e c t e d  f rom the plasma- T h e r e fo re ,  an a n a l y s i s  o f  the 
s p e c t ra  around the  second harmonic would i n d i c a t e  the processes t a k i n g  
p la ce  w i t h i n  the  p lasma, p a r t i c u l a r i l y  i n  re g io n s  w i th  d e n s i t i e s  c lose  
t o  the  c r i t i c a l .  Th is  s e c t i o n  p resen ts  the  2w s p e c t r a l  r e s u l t s ,  f o r  
10.6 |j r a d i a t i o n ,  w i th  an aim to  i d e n t i f y  the  processes in v o l v e d  w i th  
f u r t h e r  d i s c u s s io n  f o l l o w i n g  i n  the  f i n a l  s e c t i o n  $ 4 .5 .
A m o d i f i e d  go ld-doped germanium d e t e c t o r ( $ 3 .3 .3 )  b ia sed  a t  10 pA 
and p r e - a m p l i f i e r s ( g i v i n g  a net  ga in  of  50x) i n  c o n ju n c t i o n  w i th  the 
i n f r a - r e d  s p e c t r o m e te r ( $ 3 .3 . 2 )  were used t o  o b t a i n  the  second harmonic,  
2w, r e s u l t s .  Procedure s i m i l a r  to  t h a t  f o r  B r i l l o u i n  b a c k s c a t t e r ($4 .1 )  
was f o l l o w e d ,  w i th  the e x c e p t io n  t h a t  the spec t rometer  s l i t w i d t h  was 
200 pm and s p e c t r a l  measurements were taken around the  second 
h a rm o n ic (5 .3  pm).  Th is  la r g e  s l i t w i d t h  was necessary due to  weak 2w 
s i g n a l  l e v e l s  and rep re sen ted  an i n s t r u m e n t a l  w id th  of  ~60  A.
T y p ic a l  o s c i l l o g r a m s  (on T e k t r o n i x  7834 s to rage  o s c i l l o s c o p e )  from 
the  Au-Ge d e t e c t o r  are shown i n  F igu res  4 . 4 ( a - d ) .  These o s c i l l o g r a m s  
showed much v a r i a t i o n ,  though o f t e n  a second s t r u c t u r e  was observed.  I t  
seemed t o  be a r b i t r a r y  whether the  f i r s t  or second peak dominated.  A l l  
the  o s c i l l o g r a m s  had a fwhm le ss  than  t h a t  of  the  l a s e r  p u l s e ,  but  were 
not  a lways c o n s ta n t ,  as i n  some in s ta n c e s  the  2w t r a c e s  had a 
fwhm <20 nsec.  O s c i l lo g ra m  (d)  shows the  s u p e r im p o s i t i o n  o f  the 
i n c i d e n t  and 2w s i g n a l ( i n v e r t e d )  and i n d i c a t e s  t h a t  the  2w s ig n a l  
c o in c id e s  t o  w i t h i n  10 nsec o f  the  peak o f  the  i n c i d e n t  l a s e r  p u lse .  
C a re fu l  e xa m in a t io n ,  p a r t i c u l a r l y  o f  o s c i l l o g r a m  ( c )  taken  a t  f u l l  
b and w id th ,  shows s t r u c t u r e  a t  10 nsec i n t e r v a l s  o f  the CO2. l a s e r  pulse  
t o  be r e f l e c t e d  i n  the  tempora l  v a r i a t i o n  o f  2w. Th is  i m p l i e s  the  
second harmonic i n t e n s i t y  t o  be e s s e n t i a l l y  i n  phase w i th  the  i n c i d e n t  
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FIGURE 4.5 ; 2W spectra (carbon target)
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d i f f e r e n t  t im es ( F i g .  4 . 4 ) ,  g ives  an asymmetr ic  second harmonic 
spectrum as a r e s u l t  o f  s l i g h t l y  d i s p la c e d  s p e c t ra .  Th is  was a lso  
i n d i c a t i v e  of  presence of  two or more s c a l e - l e n g t h s  w i t h i n  the  plasma.
Second harmonic s p e c t ra  were taken f rom carbon and molybdenum 
t a r g e t s  a t  v a r i o u s  i r r a d i a n c e s  and t a r g e t  a ng le s .  A t y p i c a l  2w spectrum 
be ing  b u i l t  up f rom over s i x t y  sh o ts .  Severa l  2w sp ec t ra  f rom a carbon 
plasma are shown i n  F igu res  4 . 5 ( a - c )  f o r  d i f f e r e n t  i r r a d i a n c e s .  The 
sp e c t ra  show a weak asymmetry w i th  any f i n e  s p e c t r a l  s t r u c t u r e ,  
observed f o r  the  neodymium s y s te m ($ 4 .4 ) ,  masked because o f  the 
ave rag in g  n a tu re  o f  the  r e s u l t s .
From the c o l l e c t e d  s p e c t r a l  d a ta ,  the  i n t e n s i t y ,  d isp lacem en t  and 
b roaden ing  o f  the second harmonic were de te rm ined .  The d is p la c e m e n t (SX) 
o f  2w l i n e  f rom i t s  t r u e  va lue  and i t s  b roadening(AX) have been p l o t t e d  
a g a in s t  i r r a d i a n c e ,  I ^ ,  i n  F igu res  4 .6  & 4 .7  r e s p e c t i v e l y .  Once again 
re g r e s s io n  f i t s  have been made and c o r r e l a t i o n  c o e f f i c i e n t s  g i v e n .  The 
second harmonic shows a c l e a r  decrease i n  d is p la c e m e n t ,  f rom 120 A t o  
A, w i t h  i n c r e a s i n g  i r r a d i a n c e ,  which i s  r e f l e c t e d  i n  the
c o r r e l a t i o n  c o e f f i c i e n t ,  r= 0 .7 (A r=  0 . 1 ) .  E x t r a p o l a t i o n  o f  t h i s  data 
im p l i e s  z e ro  s h i f t  f o r  6 *  10*^ W/cm^; i . e .  the  Doppler  s h i f t  o f  the 
c r i t i c a l  s u r fa c e  w i l l  then be equal t o  the  second harmonic red s h i f t .  
A l t e r n a t i v e l y ,  the  onset  o f  in c reased  tu r b u le n c e  a t  these h igh 
i r r a d i a n c e s  leads t o  a net  e f f e c t  o f  a z e ro  red s h i f t  i n  the  2w 
spectrum.  Th is  i s  con f i rmed  i n  the  i n t e r f e r o m e t r i c  r e s u l t s  o f  Sudera 
[ 2 3 ]  f o r  carbon t a r g e t s  f o r  i r r a d i a n c e s  i n  the  re g io n  o f  10 W/cm^. 
Th is  d isp lacem en t  i s  d iscussed  f u r t h e r  i n  $4 .5  i n  r e l a t i o n  t o  p r e v a le n t  
t h e o r i e s ,  p a r t i c u l a r l y  those by Ca irns and S i l i n ( C h a p .  2 ,  r e f s .  37 & 
146 r e s p e c t i v e l y ) .  However, the  broadening( fwhm) o f  2w shows a d e f i n i t e  
i n c r e a s e ,  f rom 60 A t o  100 A, w i th  i r r a d i a n c e ( F i g .  4 .7 )  as a r e s u l t
-144-
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FIGURE 4.9 : Variation of 2W intensity with angle of incidence
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o f  mot ion  o f  the c r i t i c a l  su r face  (maximum c o n t r i b u t i o n  o f  10 A) arid 
v a r i a t i o n s  o f  d e n s i t y  s c a l e - l e n g t h s  a t  The broaden ing  was o f  the
o rd e r  o f  the  i n c i d e n t  r a d i a t i o n .
On the few sp e c t ra  t h a t  d id  show a s h o u ld e r ,  i t s  d isp lacem en t
ve rsus  i r r a d i a n c e  i s  shown i n  F ig u re  4 . 8 .  Th is  shou lde r  was genuine and 
was not  due to  ano the r  c lose  l a s i n g  l i n e  s ince  the  d is p lacem en t  was
w e l l  under 100 A. I t  i s  thou gh t  t o  a r i s e  as a consequence o f  two or 
more dominant  second harmonic sp e c t ra  s l i g h t l y  d i s p la c e d  f rom each 
o t h e r ,  due to  the  plasma hav ing  se ve ra l  d i f f e r e n t  s c a l e - l e n g t h s  d u r in g  
i t s  l i f e t i m e .  Th is  has been con f i rmed  i n  the i n t e n s i t y  v a r i a t i o n  o f  2w 
w i th  t a r g e t  angleCsee below) and by o p t i c a l  p r o b i n g ( $ 4 . 3 . 1 ) .
An e x pe r im en ta l  run us ing  angled carbon t a r g e t s  was a ls o  made. 
S p e c t ra l  data  were taken around the  2w peak, a f t e r  hav ing  a l re a d y  
de te rm ined  2w*s approx imate  p o s i t i o n  f rom an i n i t i a l  coarse scan,  f o r
i n c i d e n t  i r r a d i a n c e  w i t h i n  a t o l e r a n c e  of  under 10%. Th is  p rocedure  was 
c a r r i e d  out  f o r  each t a r g e t  a ng le ,  G . The r e s u l t s  thus d e s c r ib e d  the  
v a r i a t i o n  o f  the  2w i n t e n s i t y w i t h  angle of  i n c id e n c e ( G ) .  At f i r s t  
a broad range of  angles were coveredCG -40 ) t o  g iv e  some i n s i g h t  i n t o  
areas  o f  im portance .  From these i t  was then  dec ided  t o  c o n c e n t ra te  f o r  
0 < 0 < 1 5 *  i n  s m a l le r  s t e p s , ( F i g .  4 . 9 ) .  Note t h a t  1 r e p r e s e n t s  an 
average over se v e ra l  sho ts .
From t h i s  p l o t  ( F i g .  4 .9 )  i t  was seen t h a t  was enhanced f o r
near normal  i n c id e n c e  and f o r  G =20* .  Th is  consequen t l y  im p l i e s  s t ro n g  
a b s o r p t i o n  a t  s i m i l a r  ang le s .  I f  the  main a b s o r p t i o n  mechanism i s  taken 
t o  be resonance a b s o r p t i o n ,  and us ing  optimum ang les o f  3 ,  9 and 20 
i n  e q u a t io n  (2 .21 )  g iv e s  plasma s c a l e - l e n g t h s  o f  >400 ^m, 150 ^m and
<20 (jm. The i m p l i c a t i o n  o f  these r e s u l t s  i s  the  e x is te n c e  o f  t h ree  
d i f f e r e n t  d e n s i t y  s c a l e - l e n g t h s  w i t h i n  the  plasma. Other workers  173
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have observed t h i s  and a lso  been t h e o r e t i c a l l y  shown t o  be p o s s ib le  
[ 1 1 , 1 4 , 2 1 ] .  Sudera [ 2 3 ]  has a lso  r e p o r t e d ,  us ing  o p t i c a l  d i a g n o s t i c s ,  
e x i s t e n c e  o f  s e v e ra l  s c a l e - l e n g t h s  and seen them t o  va ry  in  t im e  on 
s i m i l a r  plasmas ( th e  next  s e c t i o n ,  $ 4 . 3 . 1 ,  d iscu sses  some o f  these  
r e s u l t s  i n  g r e a t e r  d e t a i l ) .
The s c a l i n g  o f  w i t h  i n c i d e n t  i n t e n s i t y  was i n v e s t i g a t e d  f o r  
two d i f f e r e n t  t a r g e t  m a t e r i a l s ,  v i z .  carbon(Z=6) and moLybdenum(Z=42). 
For p la n a r  carbon t a r g e t s  the  i n t e n s i t y  was measured at  the  peak o f  the  
2w spectrum and i s  p l o t t e d  i n  F ig .  4 . 1 0 ( a ) .  T h is  i n d i c a t e s  th e  s c a l i n g  
parameter  f o r  t o  be 2 . 4 ( i . e .  ^ ' ) .  A s i m i l a r  r e s u l t  was
o b ta in e d  f o r  read ings  taken  at  a spec t rometer  s e t t i n g  o f  e x a c t l y
2 w ^ ( i . e .  5 . 3 | j ) .  The l a t t e r  method was employed i n  t h e  case o f  
molybdenum ta r g e t s O F ig .  4 . 1 0 ( b ) ] ,  which a ls o  showed a s i m i l a r  
v a r i a t i o n ,  t h u s ,  i n d i c a t i n g  the  s c a l i n g  parameter  t o  be independent  of  
a tomic  number A; c f .  Basov [ 2 ] ,  Eidmann & S ig e l  [ 3 ] .
The in c rease  i n  the  exponent  f rom 2 .0  [ c . f .  eqn.  ( 2 . 7 2 ) ]  t o  2 .4  i s  
a t t r i b u t e d  t o  the  d e n s i t y  g r a d ie n t  s teepen ing  as resonance a b s o r p t i o n  
i s  enhanced.  Evidence f o r  t h i s  i s  a l s o  shown i n  the  r e f l e c t i v i t y  
r e s u l t s  ($4 .1  & F ig .  4 .2 )  and o p t i c a l  d i a g n o s t i c s  ( $ 4 .3 .1  & F ig .  4 . 1 4 ) .
F i n a l l y ,  the  maximum c o nve rs io n  o f  i n c i d e n t  r a d i a t i o n  t o  second 
ha rm on ic ,  f o r  a carbon t a r g e t ,  was 10 ^ at  I q'^10 W/cm^. For molybdenum 
th e  co n ve rs io n  was > 1 0 ^ ,  an o rd e r  o f  magni tude g r e a t e r ,  f o r  s i m i l a r  
i r r a d i a n c e s .  These are  w e l l  w i t h i n  the  o b s e rv a t i o n s  ment ioned i n  
$ 2 . 5 . 4 ,  which were m a in ly  w i t h  neodymium systems o f  s h o r t e r  
p u l s e (  nsec) d u r a t i o n .  T h is  im p l i e s  t h a t  h ig h e r  Z t a r g e t s  absorb th e  
r a d i a t i o n  much more e f f i c i e n t l y ,  due t o  p r o f i l e  s teepen in g  and r i p p l e d  
c r i t i c a l  s u r fa ce  [ 2 3 ] ,  even though a g r e a t e r  p r o p o r t i o n  i s  r e f l e c t e d .
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4 .3  GENERAL DIAGNOSTICS SYSTEM)
The f o l l o w i n g  s e c t i o n s  cover r e s u l t s  o b ta in e d  i n  c o l l a b o r a t i o n
w i t h  Sudera [2 3 ]  and March ing ton  [ 1 6 ] .  These r e s u l t s  w i l l  be u s e fu l  f o r  
f u r t h e r  u nd e rs tan d in g  o f  the  processes w i t h i n  t he  plasma and h e l p f u l  i n  
t h e  ensu ing d i s c u s s i o n ( $ 4 . 5 ) .
4 .3 .1  OPTICAL
The o p t i c a l  r e s u l t s  p resen ted  here in c lu d e  shadowgraph ic ,  and 
i n t e r f e r o m e t r i c  da ta  p ro cured  us ing  the  arrangement shown i n  
f i g .  3 . 2 9 ( $ 3 . 3 . 5 ) .
E s s e n t i a l l y  shadowgrams re ve a l  the  s ize  o f  p lasma, at  a p a r t i c u l a r  
d e n s i t y ,  and f rom success ive  shadowgrams the  plasma v e l o c i t y  and
a c c e l e r a t i o n  can be deduced.  On the  o th e r  hand an i n t e r f e r o g r a m  shows 
t h e  d e n s i t y  s t r u c t u r e  w i t h i n  t h e  plasma and any i n s t a b i l i t i e s ,  
p e c u l i a r i t i e s ,  e t c .  as w e l l .
Shadowgrams were taken  us ing  a <3 nsec ruby probe at  d i f f e r e n t  
t im e s  i n  the  main 00% la s e r  pu lse  i n c i d e n t  on a p la n a r  carbon t a r g e t .  
From these r e s u l t s  i t  was p o s s i b l e  t o  see the  r e l a t i v e  changes i n  the  
e x te n t  o f  the  plasma w i t h  t im e  and thu s  th e  r e l a t e d  changes i n  
v e l o c i t y .  The fo rm er  has been p l o t t e d  ( F i g -  4 .11 )  r e v e a l i n g  t h e  dynamic
n a tu re  o f  t he  plasma f o r  t<48  nsec ,  as a f t e r  t h i s  t im e  t h e r e  was l i t t l e
o r  no change i n  th e  plasma speed. The p l o t s  show the  r a d i a l ,  towards 
t h e  CO2 la s e r  beam, and l a t e r a l  plasma expansions  f o r  two d i f f e r e n t  
i r r a d i a n c e s .
The plasma expans ion  i s  seen t o  be a s y m m e t r i c a l ,  be ing  a f a c t o r  
x1 .5  g r e a t e r  a long  th e  t a r g e t ' s  su r face  w i t h  respec t  t o  expans ion
-1 5 0 -
towards the  CO2 beam- T h is  r e s u l t i n g  f l a t t e n e d  s p h e r i c a l  image 
i n d i c a t e s  the  r a d i a t i o n  p ressure  t o  be c o n s id e ra b le .  The plasma 
v e l o c i t y ,  e s s e n t i a l l y  t he  g r a d i e n t ,  in c re ase s  w i th  i r r a d ia n c e C a s  might  
be expected) and measured t o  be 2*10^ cm/sec f o r  t<2  nsec,
0 .19*10^  cm/sec f o r  2 nsec< t  <4 nsec and ^ 1 0 ^  cm/sec a f t e r  t=30 nsec;
1 .e .  a f t e r  t=3G nsec the  plasma expansion was cons tan t  f o r  the  
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FIGURE 4.11 : Plasma expansion
A w h i te  l i g h t  r e c o n s t ru c te d  hologram from a p la na r  carbon t a r g e t  
i r r a d i a t e d ,  w i th  CO^  r a d i a t i o n ,  at  I q'^6*10** W/cm^ i s  shown i n  F igure  
4 .1 2 .  The r e c o n s t r u c t i o n  being p o s s i b l e  w i t h  w h i te  l i g h t  as the  
o r i g i n a l  h o log ra p h ic  i n t e r f e r o g r a m ,  recorded on Agfa 10E75 f i l m ,  was o f  
the  focused t y p e .  The i n t e r fe r o g r a m  was recorded 80 nsec a f t e r  
beg in n ing  o f  00% la s e r  pulse  w i th  a 2 nsec fwhm ruby probe .  App ly in g  .
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FIG UR E 4 . 1 2  : R e c o n s tru c te d  h o lo g r a p h ic  in te r fe r o g r a m
«T-fpptfo loofiwrt n  ^tc,ttr
distance((im)
FIGURE 4.13 ; Electron density profiles
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t h e  Nestor -OLsen [2 2 ]  t e c h n iq u e  f o r  Abel i n v e r s i o n ,  t o  the  
i n t e r f e r o m e t r i c  d a ta ,  g ive s  an e l e c t r o n  plasma d e n s i t y  p r o f i l e  
s t r u c t u r e  l i k e  those shown i n  F ig u re  4.13 f o r  v a r io u s  moments a f t e r  the  
onset  o f  the  l a s e r  p u l s e .  These va lu es  have a 20% e r r o r  a r i s i n g  f rom 
r e f r a c t i o n  and l i m i t a t i o n s  on f r i n g e  s h i f t  measurements.
From the  d e n s i t y  measurements at  v a r io u s  t im e s ,  i t  was found t h a t  
t h e  c r i t i c a l  su r fa c e  re g io n  was a c c e l e r a t e d ,  i n  le ss  than  20 nsec,  t o  a 
v e l o c i t y  o f  5 *10*  cm/sec.  With such a n t i - p a r a l l e l  a c c e l e r a t i o n s  and 
e x p o n e n t ia l  d e n s i t y  g r a d i e n t s .  Baker C l ]  shows t h a t  R a y le ig h - T a y lo r  
i n s t a b i l i t i e s  can d eve lo p .  F r inges  i n  F igu re  4.11 showing r i p p l e s  i s  
ev idence  o f  such an i n s t a b i l i t y .  Other shadowgrams and i n t e r f e r o g r a m s  
have a l s o  shown presence o f  o th e r  i n s t a b i l i t i e s ;  v i z .  ' j e t t i n g '  [ 2 3 ]  
and the rm a l  i n s t a b i l i t i e s ,  p a r t i c u l a r l y  i n  h igh  Z t a r g e t s .
Development o f  p r o f i l e  s teepen ing  was seen t o  occur over t he  f i r s t  
50 nsec i n  which t im e  the  i r r a d i a n c e  has reached i t s  peak v a lu e .  The 
p l a te a u  near the  q u a r t e r  c r i t i c a l  su r fa c e  i s  p r e d i c t e d  by Lee et  a l  
[ 1 4 ]  but  t h a t  at  0 .5  n^ ,  a l s o  apparent  f rom x - r a y  emmision d a ta ,  
r e q u i r e s  f u r t h e r  e x p l a n a t i o n .  X - ray  em iss ion  da ta  [ 1 6 ]  shows much 
p e r i o d i c  v a r i a t i o n  i n  em iss io n  a long  la s e r  a x i s  and r a d i a l  d i r e c t i o n s ,  
i n d i c a t i n g  the  f l u c t u a t i o n s  t o  extend w e l l  i n t o  the  underdense plasma. 
Another f e a t u r e  o f  the  d e n s i t y  p r o f i l e  i s  a bump between 1 .6  n^ and
2 .2  w i t h  a d e n s i t y  m o d u la t io n  o f  about  30%: A f e a t u r e
c h a r a c t e r i s t i c  o f  the  r e f r a c t i o n  and shock f r o n t  p r e d i c t e d  by Max e t  a l  
[ 1 7 ] .  S im u la t i o n s  by Virmont  e t  a l  [ 2 4 ]  on r a d i a l l y  symmetr ic  plasmas 
f i n d s  such a bump near the  c r i t i c a l  s u r f a c e ,  a t t r i b u t i n g  i t s  w id th  t o  
t h e  p o s i t i o n  o f  n^ and as t he  square o f  t h e  r a t i o  o f  r a d i a t i o n  p ressure  
t o  t he rm a l  p re s s u r e .  For a tem pe ra tu re  o f  200 eV and an a b s o r p t i o n  
c o e f f i c i e n t  o f  0 . 4 ,  th e  c a l c u l a t e d  w id th  of  25 F>m agrees c l o s e l y  t o  t he
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Observed values of 30 to  40 jam.
From the  p l o t s  one can o b t a i n  t h e  plasma s c a l e - l e n g t h ,
L = ( l / n ^ . d n ^ / d x ) " '  .  ( 4 . 5 )
From success ive  i n t e r f e r o g r a m s ,  a t  d i f f e r e n t  s tages o f  plasma 
deve lopment ,  t h e  s c a le - l e n g t h  at  the  c r i t i c a l  s u r f a c e ,  L^., f o r  CO^ . 
r a d i a t i o n  was c a l c u l a t e d .  These have been p l o t t e d  i n  F ig .  4 .14  showing 
th e  s c a l e - l e n g t h  v a r i a t i o n  i n  the  dynamic moments o f  the  plasma.
The sca le  l e n g t h ,  L^,, v a r i e s  f rom 30 ym t o  120 ym over t h i s  
dynamic p e r i o d .  R e ca l l  t h a t  resonance a b s o r p t i o n  occurs  i n  t h i s  re g io n  
and e x is te n c e  o f  more than one sca le  leng th  (20 ym & 150 pm) was 
apparent  f rom th e  a ngu la r  v a r i a t i o n  o f  the  second harmonic i n t e n s i t y  
( F i g .  4 . 9 ) .
F u r th e r  work on the  sca le  leng th  v a r i a t i o n  w i t h  i r r a d i a n c e  [ 2 3 ]  
g i v e s  lower va lues  than  those  p r e d i c t e d  by a s e l f  c o n s i s t e n t  model 
[ 1 9 ] ,  which o m i t t e d  the  ponderomot ive  f o r c e  w h i l s t  t h e  c a p a c i t o r  model 
o f  Es tabrook e t  a l  [ 6 ] ,  which in c lu d e s  th e  ponderomot ive  e f f e c t ,  
im p l i e s  t h e  observed r e s u l t s  t o  be h ig h .
To summarise,  th e  h o lo g ra p h ic  i n t e r f e r o m e t r i c  doub le -exposed 
r e s u l t s ,  at  10 nsec i n t e r v a l s ,  have shown the  plasma t o  be e s s e n t i a l l y  
s t e a d y - s t a t e  f o r  low Z ( e . g .  Carbon) t a r g e t s .  However, f o r  h igh  Z ( e . g .  
Copper) t a r g e t s  a s t e a d y - s t a t e  model i s  no lo nge r  a p p l i c a b l e ,  as 
pronounced changes were observed w i t h i n  t h e  10 nsec i n t e r v a l s .  
I m p l i c a t i o n s  o f  these r e s u l t s  are  t h a t  a v a r i a b l e  dependent  on Z i n  a
n o n - l i n e a r  way i s  r e q u i r e d .  At h igh  Z ,  t h e r e  i s  more l i k e l i h o o d  o f
t r a n s f e r  o f  i n s t a b i l i t i e s  due t o  shock waves as opposed t o  low Z where
h a r d l y  any shocks e x i s t .  T h is  a ls o  i m p l i e s  fewer  i n s t a b i l i t i e s  and the  
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FIGURE 4.15 X-ray photograph frcm a pinhole camera
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f o r  Low Z t a r g e t s  but  i t s  g r a d ie n t  was seen,  f rom the a b l a t i o n  f r o n t s ,  
t o  be not  as steep as f o r  h igh Z t a r g e t s .  The plasma v e l o c i t y  and thus 
the  tem pera tu re  in c rease d  w i t h  atomic number A o f  the  t a r g e t  due to  
inc reased  a b s o r p t i o n .
4 . 3 . 2  X-RAY IMAGES
X-ray  r e s u l t s  l i k e  those shown i n  F igu re  4 .15  were o b ta in e d  us ing  
a t h i n  a luminium d i s k  w i t h  two p in h o le s  o f  d iam e te r  10 ^m, w i th  the
s e t -u p  as de s c r ibe d  i n  $ 3 . 3 . 6 ,  and 1.5 ^m and 5 pm aluminium f o i l s .
Note t h a t  the image i s  e l l i p s o i d a l ,  as expected  f rom i l l u m i n a t i n g  
a t a r g e t .  F igu re  4 .16  shows the  m ic ro d e n s i to m e te r  t r a c e s  o f  the  x - r a y  
image a long  a x i s  i n d i c a t e d  i n  the  i n s e t .  Both t r a c e s  im p ly  the  x - ra y  
e m i t t i n g  r e g io n  t o  be <35 pm i n  d ia m e te r .  The i n t e n s i t y  r a t i o  o f  the 
two scans was a p p ro x im a te ly  two w i th  the co r resp ond ing  1/e c u t - o f f s  a t  
700 eV and 1.5 keV f o r  1.5 pm and 5 pm f o i l s  r e s p e c t i v e l y .
F ig u re  4 .17  shows the  amount o f  t a r g e t  d e b r i s  d ep o s i te d  f rom a 
carbon t a r g e t ,  on to  the  f o i l ,  a f t e r  a s i n g l e  l a s e r  s h o t ( t h e  o u te r  f a i n t  
c i r c u l a r  p a t t e r n  i s  due t o  the  e f f e c t  o f  vacuum).




FIGURE 4 . 1 6  : X - r a y  d is t r ib u t io n  on  t a r g e t
FIGURE 4.17 : Foil damage
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i t  i s  c l e a r  t h a t  t h e  x - r a y  image re v e a ls  plasma re g io n s  w i t h  
t e m p e r a t u r e ' s  i n  excess o f  700 eV. The FWHM o f  the  e m i t t i n g  re g io n  was 
3 2 ± 5  pm w h i l s t  t h e  l a s e r  f o c a l  spot  d iamete r  was a lmost  s i x  t im e s  as 
g r e a t .
From the  r a t i o  o f  i n t e n s i t i e s ,  f o r  1 .5  pm and 5 pm, i t  i s  p o s s i b l e  
t o  o b t a i n  a va lu e  f o r  the  plasma tem pera tu re  us ing  da ta  f rom E l t o n  
[ 4 , 5 ]  t o  produce an i n t e n s i t y  r a t i o  ve rsus  tem pe ra tu re  p l o t  ( F i g . 4 . 1 8 ) .  
T h i s  i n d i c a t e d  plasma tem pera tu res  i n  excess o f  2 keV f o r  the  observed 
re g io n .  An i r r a d i a n c e  o f  1 0 W/cm^ a ls o  s i g n i f i e s  plasma 
t e m p e r a t u r e ' s  o f  2 -4  keV, f rom Gi tomer & Henderson [ 8 ] ,  and shows t h a t  
t h e r e  i s  a weak p r o f i l e  m o d i f i c a t i o n  due t o  resonance a b s o r p t i o n  and 
ponderomot ive  f o r c e s .  The s i m u l a t i o n  assumed a b s o r p t i o n  v i a  i n v e rs e  
b re m ss t ra h lun g  up t o  the  c r i t i c a l ,  s u r f a c e ,  w i t h  resonant  and p a r a m e t r i c  
p rocesses t a k i n g  over  near the  c r i t i c a l  t o  p ro v id e  the  major  
c o n t r i b u t i o n .
F u r t h e r  work i s  p r e s e n t l y  be ing  c a r r i e d  out  [ 1 6 ]  us in g  pho to tubes  
and x - r a y  m u l t i c h a n n e l  p l a t e  i n t e n s i f y i n g  systems t o  o b t a i n  s p a t i a l  and 
te m p o ra l  beh av io u r  o f  the  plasma te m p e ra tu re .
4 . 3 . 3  TARGET DAMAGE
T y p i c a l  damage t o  carbon and molybdenum t a r g e t s  when i r r a d i a t e d  by 
CO2 l a s e r  r a d i a t i o n  a t  I>10'* W/cm^ a re  shown i n  F igu re s  4 .19  & 4 .2 0 .  
For carbon i t  can be seen t h a t  t h e  l a s e r  r a d i a t i o n  p e n e t r a te s  deep 
(550 jum) i n t o  th e  t a r g e t ,  c r e a t i n g  a sharp cone o f  d ia m e te r  180 pm. A 
deeper im p re ss io n  i n  carbon r e s u l t s  due t o  i t s  weak s t r u c t u r e  w h i l s t  
molybdenum i l l u s t r a t e s  a h i g h l y  symm et r ica l  damage p a t t e r n .  The o u te r  
p a r t  o f  th e  focus  show the  co rona l  and a f t e r  e f f e c t  spread f rom the
-1 5 8 -
50
of 10
Pl a s m a  t s m p e ^ a t o r s . C«V)
FIG UR E 4 . 1 8 D e te rm in a tio n  o f  p la s m a  te n p e r a tu r e
FIG UR E 4 . 1 9  : FIG URE 4 . 2 0  :
T a r g e t  dam age f o r  c a rb o n  T a r g e t  "damage f o r  M olybdenum
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c rea ted  hot  plasma.
In  the  case o f  carbon the  c r a t e r  amounted t o  about 5*10"^ cm^  in
volume. I nvo k in g  c o n s e rv a t io n  o f  energy and using s imple arguments one
can equate the  e le c t r o m a g n e t i c  energy t o  the  amount of  m a te r ia l  ablated
a t  some average speed,  as i n  equa t ion  ( 4 . 6 ) .
1 / 2 / » V v V  E (4 .6)
where p  i s  the  d e n s i t y  o f  t a r g e t  m a t e r i a l ,  V i s  the volume ab la ted  at
an average v e l o c i t y  v and E i s  the  i n c id e n t  e lec t rom agne t ic  energy.
6
Taking E = 15 J g iv e s  an a b l a t i o n  speed o f  about 10 cm/sec which i s  
comparable t o  the  plasma v e l o c i t y .
4 .4  SECOND HARMONIC (ND SYSTEM)
Con t inu in g  f rom $ 4 .2 ,  the  a n a ly s i s  of  the  second harmonic f o r  the 
neodymium case are now p resen ted .
The s c a t t e r e d  r a d i a t i o n  f rom the  t a r g e t s  was c o l l e c t e d  over a 
s o l i d  angle o f  2TT/3 & 6** by the  parabo lo idCTable 3 .4 )  and the lase r  
f ocu s in g  I c o s  lens r e s p e c t i v e l y .  The c o l l e c t e d  r a d i a t i o n  was then 
d i r e c t e d  and focused onto  the  s l i t s ,  norma l ly  open t o  100 |jm, of  the 
Spex 500 sp ec t ro m e te r (T a b le  3 . 6 ) .  The exper imenta l  arrangement has been 
shown i n  F igu re  3 .37  and i n d i c a t e s  a re d uc t io n  o f  9.8x & 1 3 .2x f o r  the 
p a r a b o lo id  & lens  images r e s p e c t i v e l y  from e qn . (4 .7 )
M = v /u  ,  (4 .7 )
where u and v are the  o b jec t  and image d is tances  r e s p e c t i v e l y .
The i n t e n s i t y  o f  the  s c a t te re d  r a d i a t i o n  was a lso  measured, f o r  
the  two cases,  us ing  s i l i c o n  PIN diodes w i th  narrow band f i l t e r s  at  
532 nm. However, these r e s u l t s  were not co nc lus ive .
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FIGURE 4.21 ; Typical 2W result (AU target)
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The Laser r a d i a t i o n  f rom the  Nd-gLass Laser o f  waveLength 
A=1.0525  hav ing a L in e - w id th  of  0_1 A, puLse d u r a t i o n  o f  1-7 nsec 
and e ne rg ie s  o f  up , t o  100 J were focu se d ,  by an Icos  F5 Lens,  t o  a
t y p i c a L  d ia m e te r  o f  100pm onto  the  t a r g e t ' s  (see $ 3 .5 .2 )  s u r f a c e -  The 
f i r s t  Laser s h o t ,  was taken w i th  i n s u f f i c i e n t  neu t raL  dens i t y (N D )  
f i L t e r s ,  resuL ted  i n  an arc  spectrum due t o  pLasma fo r m a t i o n  a t  the 
s L i t s  o f  the sp ec t rom e te r -  Th is  spectrum compLeteLy s a tu r a te d  any 
second harmonic spectrum- Subsequent s pec t ra  were o b ta in e d  w i t h  
s u f f i c i e n t  ND f i L t e r s -  An exampLe of  the recorded  sp e c t ra  i s  shown i n
F ig -  4 - 2 1 (a)  aLong w i t h  the c a L i b r a t i o n  L ines  f rom a z in c  Low p ressu re
Lamp. These Lines were recorded  immediateLy a f t e r  a Laser shot  by
exposing the  f iL m  pLate a f u r t h e r  two minutes t o  a Zn UV Lamp i n  s i t u -
F ig u re  4 - 2 1 (b)  shows the  spec t raL  s t r u c t u r e  m a g n i f i e d  7x and F igu re
4-22 shows the  co r respond ing  m ic r o d e n s i to m e te r  t r a c e s -  The high d e n s i t y  
areas i n  the  specuLar image i n  Fig -  4-21 are a t t r i b u t e d  t o  areas o f  
h igh  r e f L e c t i v i t y  i n  the  pa raboLo id ,  as the  rad iaL  p a t t e r n  s t r u c t u r e  
was rep rodu c ib Le -
4 .4 .1  GENERAL REMARKS
( i )  SCANNING POSITIONS :
Since the  t a r g e t s  were angLed,  the  r a d i a t i o n  a t  the  specuLar angLe 
was expected  t o  g iv e  the  t r u e  r e p r e s e n t a t i o n  o f  the  2w spectrum- Thus
the  scanning  p o s i t i o n s  on the  paraboLo id  image had t o  be de te rm in e d ,
which was done as fo L L o w s : -
For any p a r t i c u L a r  t a r g e t  angLed a t  0  ,  the  p o i n t  P g ive s  the  t r u e  
r e p r e s e n t a t i o n  o f  the  s p e c t ra -  The p o s i t i o n  co r respond ing  t o  t h i s  on 
th e  paraboLo id  image i s  where the  m ic ro d e n s i to m e te r  t r a c e  was taken  t o  
g i v e  the  2w specuLar spectrum- In  o rde r  t o  caLcuLate the  scann ing
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FIG U R E 4 . 2 3  : S p e c u la r  p o s it io n  o n  p a r a b o lo id
S u r
FIGURE 4.24 : Image on slit & film plate
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p o s i t i o n  f rom c e n t re  o f  p a r a b o l o i d ,  one so lved  a q u a d r a t i c  e q u a t i o n  i n  
X, th e  i n t e r c e p t  p o i n t  o f  l i n e  CP w i t h  p a r a b o lo i d  OPCsee F ig -  4 - 2 3 ) ,  
and th e  r e s u l t  a d ju s te d  f o r  image r e d u c t i o n -  Note t h a t  o n l y  t o p  h a l f  o f  
th e  p a r a b o lo i d  p lu s  a l i t t l e  b i t  o f  t h e  bot tom h a l f  was imaged i n  the  
sp ec t rom e te r  as shown i n  F ig -  4 -2 4 -
The b a c k s c a t te r e d  image,  f rom the  le n s ,  was scanned across  the  
c e n t re  as i t  on ly  c o l l e c t e d  r a d i a t i o n  over smal l  ang les -  F igu re  4 .22  
shows the  s p e c t r a l  t r a c e s  at  the  c o r r e c t  p o s i t i o n s  f o r  the  p l a t e  shown 
i n  F ig -  4 -2 1 .
( i i )  SPECTRAL RESULTS :
T y p i c a l  s p e c t r a l  t r a c e s  f o r  g o ld  and aluminium coated t a r g e t s  are  
shown i n  F igu res  4-22 & 4 -25- To summarise,  t he  g ene ra l  observed 
s p e c t r a l  f e a t u r e s  w e r e : -
( i )  a resonance l i n e  near 2w^
o
which i s  ( i i )  asym m et r ica ly  b roadened(4 -6  A ) ,
o
( i i i )  s h i f t e d  towards  lo n g e r  w a v e leng th (8 -1 0  A ) ,  
hav ing  ( i v )  some s p a t i a l  s t r u c t u r e C e s p e c i a l l y  i n  t h e  s p ec u la r  c a s e ) ,
o
and o f t e n  (v )  w i t h  f i n e  s p e c t r a l  s t r u c tu r e C a v -  spac ing o f  a few A ) - 
A few ( v i )  showed a s u b s i d i a r y  f e a t u r e  i n  t h e  sp e cu la r  s p e c t r a ­
i n  t h e . h i g h e r  energy shots  both s p ecu la r  and b a c k s c a t t e r e d  s p e c t ra  
showed much asymmetr ic  b roaden ing  t o  t h e  red e s p e c i a l l y  the  f o r m e r ( e - g -  
see F ig -  4 - 2 6 ) -
( i i i )  TARGET DAMAGE :
T y p i c a l  damage t o  a t a r g e t ( $ 3 - 5 - 2 ,  F ig -  3 -43 )  i s  shown i n  F ig u res  
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FIGURE 4.25 2W spectral trace (A1 target)
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subsequent  c r a t e r  L e f t  beh ind  p lu s  th e  e f f e c t  o f  t h i s  energy 
c o n c e n t r a t i o n  on th e  s u r ro und ing  area o f  the  c r a t e r .  The s iz e  o f  the  
c r a t e r  was a p p ro x im a te ly  100 pm *  400 pm, as the  d ia m e te r  o f  the  t a r g e t  
was known. The c r a t e r  d i d  not  seem t o  possess c i r c u l a r  symmetry but  was 
r e c t a n g u l a r .  T h i s  may have been due t o  improper f o c u s in g  or  p re fe re n c e  
o f  expansion i n  t h e  l a t e r a l  d i r e c t i o n .
( i v )  QUALITY OF PARABOLOID :
The q u a l i t y  o f  the  p a r a b o l o i d ,  a t  the  end o f  the  e xp e r im e n t ,  i s  
shown i n  F ig u re  4 .2 8 .  As b e fo re  one can see th e  damage t o  t h e  
p a r a b o l a ' s  c o a t i n g ;  i . e .  areas o f  h igh and low r e f l e c t i v i t y .  T h is  
damage was not  a l l  due t o  t h e  s c a t t e r e d  r a d i a t i o n  as some was i n h e r e n t  
a t  the  b e g in n in g ,  which then  p r o g r e s s i v e l y  got  worse.  The s p in n in g  
t e c h n iq u e  f o r  making a p a r a b o lo i d  needs much t o  be d e s i r e d  t o  g i v e  a 
good q u a l i t y  p a r a b o lo i c  r e f l e c t o r .  The t a r g e t  h o ld e r  assembly,  which 
was d iscussed  i n  $ 3 . 5 . 2 ,  can a ls o  be seen i n  t h e  above f i g u r e s .
4 .4 .2  QUANTITATIVE ANALYSIS
The r e s u l t s  p resen ted  here c o ns ide r  the  v a r i a t i o n  o f  the  s h i f t  o f  
t h e  genera ted  second harmonic f rom the  t r u e  second harmonic w i t h  
respec t  t o : -
(a )  t h e  i n c i d e n t  i r r a d i a n c e  
and (b)  t a r g e t  a n g le .
A lso  the  dependence o f  the  b roaden ing  o f  the  second harmonic w i t h  
respec t  t o : -
(a )  t h e  i n c i d e n t  i r r a d i a n c e  
and (b)  t a r g e t  ang le  are examined.
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FIG UR E 4 . 2 7  ; T a r g e t  dam age
FIGURE 4.28 : Quality of paraboloid
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The specuLar and b a c k s c a t te r e d  s p e c t r a l  r e s u l t s  f rom both 
a luminium and go ld  t a r g e t s  are d iscu ssed .  On some of  the  2w s p e c t r a ,  a 
s u b s i d i a r y  f e a t u r e  was observed a t  2w+6w and remarked upon b r i e f l y  due 
t o  i n s u f f i c i e n t  d a ta ,  which cou ld  on ly  lead t o  vague c o n c lu s io n s .
In  the  sp ecu la r  case i t  was p o s s i b l e  t o  p l o t  a d i s p e r s i o n  curve 
( F ig u r e  4 . 3 6 ) .  Th is  was ach ieved  by making s e v e r a l  m ic r o d e n s i to m e te r  
t r a c e s  across  the  specu la r  sp e c t ra  at  d i f f e r e n t  p la c e s ,  co r re sp on d ing  
t o  d i f f e r e n t  a ng le s ,  & ,  thus d i f f e r e n t  w a v e -v e c to rs ,  k ,  and the  s h i f t  
i n  the  second harmonic was r e l a t e d  t o  a f r e q u e n c y ,  w, th rough
w = 4Wo&X /;vg, ( 4 . 8 )
and w a v e -v e c to r ,  k = k^cosG (4 .9 )
where X^,  k^ and w  ^ are the  i n c i d e n t  r a d i a t i o n ' s  w ave leng th ,  
w ave -vec to r  and angu la r  f requency  r e s p e c t i v e l y .
We s h a l l  now examine and d iscuss  the  r e s u l t s  f rom a luminium and 
go ld  t a r g e t s  be fo re  making any compar isons.  A l e a s t  squares f i t  o f  the 
r e s u l t s  i s  made wherever p o s s i b l e .
( i )  ALUMINIUM TARGETS :
(a)  Red S h i f t
The r e s u l t s  f o r  the  red s h i f t  o f  the  genera ted  second harmonic
f rom i t s  t r u e  va lu e  are p resen ted  i n  F igs .  4 . 2 9 ( a ) & ( b )  showing i t s
v a r i a t i o n  w i th  i n c i d e n t  i n t e n s i t y  and t a r g e t  ang le .  The b a c k s c a t te r e d  
s p e c t ra  i n d i c a t e  the  d isp lacem en t  t o  be weakly dependent  on
i r r a d i a n c e C F i g .  4 . 2 9 ( a ) ]  and h a r d l y  on the  t a r g e t  a n g l e [ F i g . 4 . 2 9 ( b ) ] .  
However, f o r  the  s p ecu la r  sp ec t ra  the  reve rse  was t r u e ,  i . e .  the
d isp lacem e n t  was independent  of  i r r a d i a n c e  and o n ly  weakly dependent  on 
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FIGURE 4.30 : 2W broadening wrt (a) irradiance & (b) angle (Al)
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The 2w red s h i f t  v a r i e d  between 9-11 A which compared w e l l  w i t h  
o th e r  e xp e r im e n ta l  works ,  e . g .  Eidmann & S ig e l  C3T. Using
O
e q u a t i o n ( 2 . 7 0 )  i n  $ 2 . 5 . 3 ,  a s h i f t  o f  10 A g iv e s  a plasma tem pe ra tu re  o f  
a few keV:where  the  i n c i d e n t  f l u x  i s  10 W/cm . T h is  compares w e l l  
w i t h  r e s u l t s  f rom Gi tomer  & Henderson [ 8 ]  f o r  the  i r r a d i a n c e  quo ted 
above.
(b )  Broadening
The b ro a d e n in g ,  f u l l  w id th  at  h a l f  maximum(fwhm),  o f  t h e  2w 
s p e c t ra  were measured and p l o t t e d  ve rsus  i r r a d i a n c e  and t a r g e t  ang le  i n  
F ig u res  4 .3 0 ( a ) & ( b )  r e s p e c t i v e l y .  Aga in  t h e r e  i s  l i t t l e  v a r i a t i o n  o f  
th e  b roaden ing  f o r  e i t h e r  b a c k s c a t t e r  or  s p ec u la r  s c a t t e r ,  w i th  
i r r a d i a n c e  and t a r g e t  a ng le .  The .b roaden ing  was i n  t h e  r e g io n  o f  4 -8  A, 
f o r  the  main f e a t u r e  o n l y ,  and i s  o f  the  o rd e r  o f  magni tude t o  those  o f  
o th e r  r e s e a r c h e rs ,  e . g .  Eidmann & S ig e l  [ 3 3 .
( c )  S u b s id ia r y  Feature
A s u b s i d i a r y  f e a t u r e  i n  a d d i t i o n  t o  t h e  main one,  was c l e a r l y  
obse rved ,  on a number o f  sh o ts .  T h is  was p resen t  on ly  i n  the  s p e c u la r  
s p e c t ra  and example Is p resen ted  i n  F ig u re  4 -31 .  _
The s h i f t  o f  t h i s  s u b s i d i a r y  f e a t u r e  w i t h  respec t  t o  t h e  2w l i n e  
was measured, where p o s s i b l e ,  and p l o t t e d  a g a in s t  
i r r a d i a n c e C F i g -  4 . 3 2 ) .  The data  p o i n t s ,  i n d i c a t i n g  th e  t a r g e t  a n g le s ,  
seem t o  imp ly  a l i n e a r  v a r i a t i o n  w i t h  i r r a d i a n c e .  Most o f  the  data 
p o i n t s  l y i n g  c lo se  t o  t h e  r e g r e s s io n  f i t  i n  F ig .  4 .32  had ang les  o f  the  
same o r d e r ,  though one p o i n t  c o r respond ing  t o  7 .7 *  was f a i r l y  remote.  
T h is  i m p l i e s  t h a t  a d i f f e r e n t  v a r i a t i o n  may be expected  f o r  d i v e r s e l y  
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FIGURE 4.32 : Shift variation of subsidiary feature (Al)
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(d )  F ine S t r u c t u r e
Much f i n e  s t r u c t u r e  was observed i n  a number o f  s p e c t r a .  Once
aga in  i t  was m os t ly  p re sen t  i n  t he  s p e c u la r  s p e c t r a .  An example shown 
e a r l i e r  i n  F ig .  4 .26 i n d i c a t e d  the  average sp ac ing ,  which was m a in ly  t o  
t h e  red s id e  o f  2w, t o  be a few angstroms and gave an a s y m m e t r i c a l l y  
broadened spec trum.
A p o s s i b l e  e x p l a n a t i o n  o f  t h i s  f i n e  s t r u c t u r e  has been p ro v id e d  by 
C a irns  (Chap. 2 ,  r e f .  37) and i s  d iscu ssed  l a t e r .
( i i )  GOLD TARGETS :
(a )  Red S h i f t
Once a g a in ,  as w i t h  a lum in ium,  both s p ecu la r  and b a c k s c a t t e r  
r e s u l t s  f o r  the  red s h i f t  o f  2w shows l i t t l e  v a r i a t i o n  w i t h
i r r a d i a n c e C F i g .  4 . 3 3 ( a ) ]  and t a r g e t  ang le CF ig .  4 . 3 3 ( b ) ] .  Here the
d isp lacem e n t  was i n  t h e  re g io n  o f  8 -10  A and gave a plasma tem pe ra tu re  
o f  a few keV, f rom e q n . ( 2 . 7 0 ) ,  as b e f o r e .
(b)  Broadening
A slow decrease i n  t h e  b roaden ing  w i t h  both 
i r r a d i a n c e C F i g .  4 . 3 4 ( a ) ]  and t a r g e t  ang leCF ig .  4 . 3 4 ( b ) ]  f o r  both
s p e c u la r  and b a c k s c a t te r e d  r a d i a t i o n  was observed .  The b roaden ing  f o r  
both  cases was i n  t h e  r e g io n  o f  4 -6  A which i s  o f  the  same o rd e r  as f o r  
a lum in ium.
( c )  Fine S t r u c t u r e
Fine s t r u c t u r e  was observed on a number o f  r e s u l t s  m o s t ly  on th e  
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m a j o r i t y  o f  the s t r u c t u r e  was on the  long wave length  s ide  o f  2w g i v i n g  
r i s e  t o  the  asymmetr ic  b roaden ing  c o n s i s t e n t  w i t h  Ca irns  t h e o r y .  The 
average spac ing  o f  the  f i n e  s t r u c t u r e ,  f rom Fig-  4 - 3 5 ,  was 
a pp ro x im a te ly  an angstrom- Summing over a l l  these s t r u c t u r e s  g iv e s  the  
a p p r o p r i a t e  b roaden ing  f o r  2w- Th is  i s  examined i n  the  nex t  s e c t i o n  
( $ 4 .4 . 3 ) -
(d)  Angu la r  Dependence o f  the  Red S h i f t
For a t y p i c a l  r e s u l tC s h o t  11 15/11 Au 9 . 7 * ,  I ^ I O ^ W / c m ^ ) ,  
spec t ro m e te r  scans were taken on the  s p ecu la r  image a t  se ve ra l  
p o s i t i o n s  co r resp ond ing  t o  d i f f e r e n t  a n g le s ,  0 -  The d isp lacem en t  of  the 
s p e c t r a l  peak f rom 2w was r e l a t e d  t o  a f r e q u e n c y ,  w, th rough  e q n - (4 -8 )  
and t o  a w a v e -v e c to r ,  k ,  th rough  e q n - ( 4 - 9 ) .  A d i s p e r s i o n  curveCw vs- 
k ) ,  f rom the  accumulated r e s u l t s ,  was then p l o t t e d C F ig -  4 - 3 6 ) .  I t  was 
seen t h a t  the  r e g re s s io n  f i t  had a good c o r r e l a t i o n  c o e f f i c i e n t ( r = 0 - 8 ) - 
Three im p o r ta n t  co nc lu s io n s  cou ld  be drawn f rom the  p l o t : -
(a )  The d isp lacem en t  o f  2w decreases w i t h  i n c r e a s i n g  a ngu la r  
p o s i t i o n  on the  specu la r  image,  a r i s i n g  p r i m a r i l y  due to  
reduced a b s o r p t i o n -
Cb) The s lope o f  the  d i s p e r s i o n  curve  i n d i c a t e s  the  io n  wave 
speed,  c ^ ,  t o  be i n  excess o f  3-M-*10 cm/sec.
( c )  A plasma tem pe ra tu re  o f  a p p ro x im a te ly  1-5 keV, f rom the 
r e l a t i o n ,
= (ZK,T« /m ,)  = 9.79*10®z'*- cm/sec (4 .1 0 )
where Z i s  the  a tomic  charge ,  i s  Bol tzmann c o n s ta n t ,  m^ i s  
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4 .4 .3  COMPARISONS
The s p e c t r a l  red s h i f t  o f  2w f o r  both a lumin ium(A=27,Z=13)  and 
goLd(A=197,Z=79) t a r g e t s  was o f  s i m i l a r  m a g n i tu d e (9 -1 0 A ) ,  though f o r  
go ld  t a r g e t s  i t  was an angstrom or  so s m a l l e r .  The slow v a r i a t i o n  o f  
t h i s  s h i f t  w i t h  i r r a d i a n c e  and ang le  suggests i t  t o  be independent  o f  
t a r g e t  m a t e r i a l ,  Z.
A s m a l le r  s h i f t ,  observed i n  the  b a c k s c a t te r e d  s p e c t r a ,  was 
a t t r i b u t e d  t o  a b lu e  Doppler  s h i f t  o f  K r e s u l t i n g  f rom the  c r i t i c a l  
dense su r fa c e  expanding a t  ~ 1 0 * cm/sec.
The r e l a t i o n  o f  the  s h i f t s  w i t h  t h e o r i e s  w i l l  be d iscussed  
l a t e r ( 4 . 5 ) ,  though the  te m pe ra tu re  r e s u l t s  o f  a few keV agree w e l l  w i t h  
those  p r e d i c t e d  by Gi tomer & HendersonCFig-  2 -11) f o r  t h e  i r r a d i a n c e s  
used he re .
The 2w b roaden ing  was a l s o  seen t o  be i n s e n s i t i v e  t o  t a r g e t ,  
i r r a d i a n c e  and a n g le ,  be ing  '^5 A. These r e s u l t s  corresponded w e l l  w i t h  
those  o f  o th e r  e x p e r im e n te rs ,  e . g .  Eidmann & S ig e l  [ 3 ]  and J a c k e l  [ 1 2 ] .
A s u b s i d i a r y  f e a t u r e  was observed on a number o f  2w r e s u l t s  f rom 
a lumin ium and g o ld  t a r g e t s ,  though fewer  i n  t h e  l a t t e r  case.  For 
a lumin ium i t  was seen t h a t  the  s h i f t  o f  t h i s  f e a t u r e  f rom 2w decreased 
l i n e a r l y  w i th  i n c r e a s i n g  i r r a d ia n c e C F ig -  4 . 3 2 ) ,  f o r  s i m i l a r  a n g le s .  
However, f o r  g o ld  such a p l o t  was not  p o s s i b l e  due t o  i n s u f f i c i e n t  
o b s e r v a t i o n s .
Fine s t r u c t u r e  was seen f rom alumin ium and go ld  t a r g e t s  m o s t ly  i n  
t h e  s p ecu la r  and b a c k s c a t te r e d  sp e c t ra  r e s p e c t i v e l y .  The spac ing  o f  
success ive  bands was on average one angst rom. A p o s s i b l e  e x p l a n a t i o n  o f  
t h i s  f i n e  s t r u c t u r e  has been p ro v id e d  by Ca irns  (Chap- 2 ,  r e f .  3 7 ) ,
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where t h i s  r e f l e c t s  the  c o u p l in g  w i t h  m u l t i p l e  io n -sound  waves. From 
t h i s  the  io n  a c o u s t i c  f requency  was i n f e r r e d  t o  be Hz- Using an
a p p r o x im a t io n ,  o f  0 .53  p m ($ 2 .3 ) ,  f o r  the  i o n - a c o u s t i c  w a ve len g th ,  t h i s  
r e ve a led  a sound speed o f  < 10^ cm/sec.
4 .5  FURTHER DISCUSSION
In  t h i s  s e c t i o n  we s h a l l  draw upon r e s u l t s ,  f rom both Nd and COj, 
l a s e r  produced plasmas,  f o r  d i s c u s s io n  w i t h  the  r e l a t e d  t h e o r i e s ,  which 
were p resen ted  e a r l i e r  i n  Chapter  Two. References t o  more re cen t  and
o th e r  r e l e v a n t  papers w i l l  be made where necessary .
The SBS r e s u l t s  ( f rom 10.6ym r a d i a t i o n  o n l y )  i n d i c a t e d  plasma 
tem pera tu res  o f  150-350 eV i n  the  underdense r e g io n .  Th is  tem pe ra tu re  
va lu e  i s  s m a l l e r ,  as expec ted ,  than  t h a t  near the c r i t i c a l  su r fa c e  
deduced f rom x - r a y  data 0 2  ke V ) ,  second harmonic data 0 2  keV) and 
a l s o  t o  the  t h e o r e t i c a l  va lue  o f  2 -4  keV f rom Gi tomer & Henderson [ 8] ,  
f o r  the  i r r a d i a n c e s  used.  The plasma here i s  e s s e n t i a l l y  subson ic  and 
th e  spectrum c o n s i s t s  o f  Doppler  s h i f t e d ,  backward s c a t t e r e d
components.  The breadth  o f  t h i s  l i n e  i s  i n t e r p r e t e d  as be ing  due to  
ion -Landau  damping.
Our o b s e rv a t i o n s  have shown on ly  red s h i f t e d  s p e c t ra  w h i l s t  some 
o th e r  worke rs  ( e . g .  Grek [ 1 0 ]  ) have a lso  seen b lu e  components and 
f i n e  s t r u c t u r e .  Th is  i s  a l i k e l y  r e s u l t  of  b lu e  Doppler  s h i f t s  f rom the  
su pe rso n ic  plasma be ing  c o n s id e ra b le  f o r  s h o r t  d u r a t i o n  p u lses  and 
s m a l l e r  w ave leng ths .  No f i n e  s t r u c t u r e  i n  CO^ . l a s e r  produced plasma
cou ld  be observed due t o  the  ave rag in g  n a tu re  o f  the  r e s u l t s .  The
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temporaL v a r i a t i o n ,  seen i n  the  b a c k s c a t t e r  s i g n a l s  f o l l o w e d  c l o s e l y  t o  
t h a t  o f  the  mode- locked n a tu re  o f  th e  CO^ , p u l s e .
SBS can be enhanced i f  the  ion -sound  speed i s  c lose  t o  t h a t  o f  the  
plasma expans io n ,  w i t h  r e f l e c t i o n  d i r e c t l y  f rom the  c r i t i c a l  su r face  
le a d in g  t o  f u r t h e r  a m p l i f i c a t i o n  o f  the  i n s t a b i l i t y .  However, 
measurements r e v e a ls  th e  c r i t i c a l  su r fa c e  f r o n t  t o  be slow i n  
compar ison t o  the  c a l c u l a t e d  io n -sound  speed,  though i n  the  i n i t i a l  
s ta g e s ,  t  < 5nsec,  they  are l i k e l y  t o  be comparable.
I n  o rd e r  t o  e x p l a i n  th e  e x p e r im e n ta l  r e s u l t s  one should a ls o  take  
i n t o  account  t he  plasma in h om o g e n e i t ie s  and the  e f f e c t  o f  s c a t t e r i n g  on 
th e  background plasma. K ruer  [ 1 3 ]  suggests  t h a t  t he  t u r b u le n c e  o f  the  
io n -sou nd  wave may inc rease  the  io n  t e m p e ra tu r e ,  so i n c r e a s i n g  
Landau-damping o f  t h i s  wave and thu s  t e n d in g  t o  quench th e  i n s t a b i l i t y .  
A l s o ,  recen t  c a l c u l a t i o n s  by Manheimer & Colombant [ 1 5 ]  and Gorbunov 
[ 9 ]  show t h a t  a s teep g r a d ie n t  i n  the  plasma i s  e f f e c t i v e  i n  reduc ing  
th e  l e v e l  o f  b a c k s c a t t e r  ( c . f .  o p t i c a l  r e s u l t s .  F ig .  4 .13  ) .
The b a c k s c a t t e r  i s  s t ro ng  due t o  the  r e l a t i v e l y  long (~50 nsec) 
pu lse  g i v i n g  la r g e  d e n s i t y  s c a l e - l e n g t h s .  Our r e s u l t s  i n d i c a t e  i n  
excess o f  50% (<65%) r e f l e c t i o n  lo s s e s .  For s h o r t e r  pu lses  (weak
s c a l e - l e n g t h s ) ,  lower b a c k s c a t t e r  l e v e l s  are  expec ted ,  as i n  Nd systems 
[ 2 ] .  Reduc t ion  o f  these  losses  i s  a d e f i n i t e  p r e - r e q u i s i t e  f o r  i n e r t i a l  
compress ion .
The f r a c t i o n  o f  i n c i d e n t  l i g h t ,  t h a t  was b a c k s c a t t e r e d ,  measured 
as a f u n c t i o n  o f  the  i n c i d e n t  i r r a d i a n c e  ( F i g .  4 .1 )  i s  expec ted  t o  
s a t u r a t e  at  h ig h e r  i r r a d i a n c e  [ 2 ] .  T h i s  i s  as a r e s u l t  o f  ion  t r a p p i n g  
and wave b reak ing  because w i t h  l^ ^T^  th e  l a r g e - a m p l i t u d e  io n  wave w i l l  
have a phase v e l o c i t y  ve ry  c lo se  t o  the  io n  the rm a l  speed.  M i t c h e l  et
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a l  [ 1 8 ]  suggests t h a t  plasma re g ion s  o f  s t ro n g  io n  a c o u s t i c  d e n s i t y  
f l u c t u a t i o n s ,  produced by B r i l l o u i n  s c a t t e r ,  can a l s o  be areas  o f  
f requency  u p c o n v e rs io n ,  v i z .  2w, 3w, e t c . .
The v a r i a t i o n  o f  w i t h  ang le  o f  in c id e n c e  was i n v e s t i g a t e d  on 
carbon t a r g e t s  ( F i g .  4 .9 )  i r r a d i a t e d  w i t h  CO^ r a d i a t i o n .  As 2w occurs  
a t  the  c r i t i c a l  s u r fac e  one expec ts  i t  t o  re v e a l  t he  n a tu re  o f  
resonance a b s o r p t i o n  f o r  the  i n c i d e n t  p - p o l a r i s e d  l a s e r  r a d i a t i o n .  
Using the  th e o ry  i n  $ 2 . 2 . 2 ,  plasma d e n s i t y  s c a l e - l e n g t h s  o f  20 |jm, 
150 |Jm and g r e a t e r  are i n f e r r e d .  These were shown [2 3 ]  t o  e x i s t  at  
d i f f e r e n t  s tages o f  plasma development.
R ip p l i n g  o f  the  c r i t i c a l  s u r fa c e  can a r i s e  due t o  a t u r b u le n c e  
above n&(observed by Sudera [ 2 3 ] )  and by i n t e n s i t y  v a r i a t i o n s  i n  the  
f o c a l  p la n e .  T h is  can then  lead t o  in c re a se d  a b s o r p t i o n  and b e t t e r  
c o n v e rs io n  t o  2w due t o  the  c lose  r e l a t i o n s h i p  o f  resonance a b s o r p t i o n  
and harmonic g e n e r a t i o n  ( $ 2 . 2 . 2  & $ 2 . 5 ) .  The resonance process i s  
l i n e a r  so th e  second harmonic i n t e n s i t y  i s  expec ted  t o  be p r o p o r t i o n a l
t o  I q . However, o b s e r v a t i o n s  show the  exponent  t o  be 2 .3  and 2 .4  f o r
molybdenum and carbon r e s p e c t i v e l y  ( F i g .  4 . 1 0 ) .  T h i s  i s  due t o  t h e  
d e n s i t y  s c a l e - l e n g t h  v a r y i n g  and w i t h  i t  the  ang le  f o r  optimum 
resonance a b s o r p t i o n .  T h is  may be ev idence  o f  a c o n t r i b u t i o n  t o  2w by 
th e  p a r a m e t r i c  p rocesses such as the  i o n  a c o u s t i c  decay i n s t a b i l i t y .  
Note t h a t  the  r e f l e c t i v i t y  was lower f o r  carbon th e n  f o r  molybdenum 
t a r g e t s ,  which i m p l i e s  t h e  g r a d ie n t  s c a l e - l e n g t h s  t o  be s h o r t e r  f o r  the
l a t t e r  and thus  resonance f a r  more pronounced than  in v e rs e
b re m s s t ra h lu n g  as an e f f e c t i v e  a b s o r p t i o n  mechanism ( $ 2 . 2) .
The second harmonic s pec t ra  f rom a neodymium la s e r  produced plasma 
on a lumin ium and g o ld  t a r g e t s  were ana lyse d .  The observed s p e c t ra  had 
much f i n e  s t r u c t u r e  w i t h  spac ings o f  1 -2  A ( F i g .  4 . 2 6 ) ,  were
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asymmetr icaLLy 0 5  A) broadened and the  peak was s h i f t e d  by 10 A. T h is  
was c o n s i s t e n t  w i t h  Ca irns  e x p l a n a t i o n  as a r i s i n g  f rom the  i n t e r a c t i o n  
o f  a r e s o n a n t l y  e x c i t e d  l a rg e  a m p l i t u d e  e l e c t r o n  plasma wave w i t h  an 
io n  sound wave t o  produce d i s c r e t e  s ide -bands  w i t h  the  observed 
s p ac ing .  The spac ing  o f  th e  s id e -b a n d s ,  average i n t e r v a l  o f  an 
angs t rom,  g ives  r i s e  t o  the  broadened and s h i f t e d  spec trum. The spacing 
a l s o  g ive s  an i n d i c a t i o n  o f  the  i o n - a c o u s t i c  f requency  and thus  the  
tem p e ra tu re  (2 .64 )  which are lower then  expected  due t o  s e v e ra l  
f a c t o r s ,  such as plasma m o t io n ,  p r o f i l e  s teepen ing  due t o  ponderomot ive  
f o r c e s ,  p a r a m e t r i c  e f f e c t s ,  e t c .  be ing  i g n o re d .
Due t o  the  ave rag ing  na tu re  o f  r e s u l t s  f o r  2w, i n  the  case o f  COi 
l a s e r  produced plasmas,  any f i n e  s t r u c t u r e ,  even i f  p r e s e n t ,  would not  
be observed .  The tem pora l  beha v io u r  o f  2w, seen i n  CO2 plasma, a ls o  
r e f l e c t e d  the  mode- locked n a tu re  o f  the  i n c i d e n t  l a s e r  r a d i a t i o n .  
W i t h i n  t h i s  tempora l  v a r i a t i o n  two or  more d i s t i n c t  peaks were o f t e n  
observed ( F i g .  4 . 4 ) .  T h is  i s  l i k e l y  t o  be a r e s u l t  o f  changes i n  th e  
s c a l e - l e n g t h  as th e  i n t e r v a l s  are c lose  t o  those  seen i n  t he  o p t i c a l  
da ta  ( F i g .  4 . 1 4 ) ,  which aga in  proves t h a t  se v e ra l  s c a l e - l e n g t h s  are  
p ro b a b le  w i t h i n  t h e  p la sm a 's  l i f e t i m e .  The s h i f t  and b roaden ing  were 
both  i n  t h e  re g io n  o f  75 A. However, here the  c o nve rs io n  t o  was
e s t im a te d  t o  be 1 0 ” ^ and 1 0 f o r  molybdenum and carbon t a r g e t s  
r e s p e c t i v e l y .  T h is  was comparable t o  those  measured by o th e r  w o rk e rs ,  
e . g .  Eidmann & S ig e l  [ 3 3 .  A lower c o n ve rs io n  e f f i c i e n c y  r e s u l t s  f o r  
carbon t a r g e t s  as i t  has long s c a l e - l e n g t h s  im p ly i n g  poor resonance 
a b s o r p t i o n .
F igu res  4 .37  & 4 .38  show t h e o r e t i c a l  p l o t s  f o r  t h e  plasma
s c a l e - l e n g t h  ve rsus  th e  second harmonic d isp lacement  f o r  v a r i o u s  plasma 
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the  e xp e r im e n ta l  re g ion s  covered i n  t h i s  s tud y .  The fo rm er  f i g u r e  i s  
taken  f rom C a irns  th e o ry  ( $ 2 .5 . 2 )  w h i l s t  the  l a t t e r  i s  f rom S i l i n ' s  
t h e o ry  ( $ 2 . 5 . 3 ) .  In  the  case o f  a neodymium system, such as RAL, the  
s c a l e - l e n g t h  was g iven  by [ 20]
L = ( I o / 3 .G * 1 g ‘^ ) ° ’ ‘^ (4 .1 1 )
where i s  the  i r r a d i a n c e  i n  W/cm^. Thus a plasma d e n s i t y  s c a l e - l e n g t h  
o f  a few microns was i n f e r r e d  f o r  the i r r a d i a n c e s  used i n  the  Nd 
system. In  S i l i n ' s  case the plasma tem pera tu re  i s  b a s i c a l l y  dependent  
on the  s h i f t  o f  the  second harmonic r a t h e r  than  the  s c a l e - l e n g t h ;  c . f .  
Ca irns  th e o ry  im p l i e s  the  tem pe ra tu re  t o  be s t r o n g l y  dependent  on both 
the  s c a l e - l e n g t h  and s h i f t .  From j u s t  knowing the  s h i f t  o f  2w one can 
o b t a i n  a good e s t im a te  of  T^  ^ f rom S i l i n  w h i l s t  w i t h  Ca irns  one r e q u i r e s  
the  s c a l e - l e n g t h  t o  a f a r  g r e a t e r  accuracy .  However, both t h e o r i e s  g ive  
e s t im a te s  o f  plasma tem pera tu re  i n  the  re g io n  o f  8 keV & 2 keV f o r  Nd
and C0% la s e r  genera ted  plasmas r e s p e c t i v e l y ,  aga in  c o n f i r m in g  e a r l i e r  
r e s u l t s .
F i n a l l y ,  i f  the  second harmonic d isp lace m en t  i s  p l o t t e d  a g a in s t  
the  s c a l i n g  parameter  1 7 ^  ( F i g .  4 - 3 9 ) ,  i t  shows a d e f i n i t e  c o r r e l a t i o n ,  
i n d i c a t i n g  the  s h i f t  t o  decrease w i t h  I i . e .  the  d isp lacem en t  of  the 
second harmonic spectrum approaches t w ic e  the  i n c i d e n t  f r e q u e n c y ,  w i th  
i n c r e a s i n g  i r r a d i a n c e .  The above r e s u l t  has y e t  t o  be e x p la in e d  
q u a n t i t a t i v e l y ,  though the  f o l l o w i n g  f a c t o r s  ought  t o  be no te d ;  i . e .  
w i t h  h ig h e r  i r r a d i a n c e s  the  s p ec t ra  do become b roader and consequen t l y  
the  s t r u c t u r e  gets  con fused ,  le a d in g  t o  le ss  pronounced s p e c t r a l  peaks. 
E x t r a p o l a t i o n  o f  the  data  i m p l i e s  z e ro  s h i f t  f o r  the  second harmonic 
a t  IX^ o f  6*1G**^ Wcm'^m\ What happens a t  t h i s  va lu e?  W e l l ,  i t  i s  
obv ious  t h a t  io n  s a t u r a t i o n  occurs  and t h a t  o th e r  n o n - l i n e a r  p rocesses 
become dominant  [ 1 1 ] .  The h o t - e l e c t r o n  tem pe ra tu re  p l o t  on the  same 
f i g u r e  ( a l s o  F ig .  2 .11 )  i m p l i e s  T^ o f  1-3 keV f o r  COj. genera ted  plasma
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and 3 .5 -5  keV f o r  Nd produced plasma as i n d i c a t e d  b e fo re .  However, i f  
the  second harmonic r a d i a t i o n  s h i f t  i s  assessed w i t h  the  la s e r  
i n t e n s i t y  i t  i s  seen t h a t  Ca irns  th e o ry  r e f l e c t s  more c l o s e l y  the  
measured e xpe r im en ta l  r e s u l t s  f o r  both Nd and CO^  l a s e r  produced
plasmas (F ig u re  4 . 4 0 ) .  But S i l i n s *  r e s u l t s  show i n s e n s i t i v i t y  t o  the  
type  of  r a d i a t i o n  and once aga in  re ve a l  c l e a r l y  i t s  tem pera tu re  
dependence,  i n d i c a t i n g  Ca irns  d e s c r i p t i o n  o f  events t o  be more
r e p r e s e n t a t i v e .
Any d i s c r e p a n c ie s  t h a t  e x i s t  between th e o ry  and exper iment  are due 
to  i n s t a b i l i t i e s  and e f f e c t s  ignored  i n  o rd e r  t o  s i m p l i f y  the  
c a l c u l a t i o n s .  Undoubted ly ,  any good cand ida te  the o ry  would have t o
in c lu d e  not  on ly  o th e r  e f f e c t s ,  but  a l s o  cons ide r  e f f e c t s  t h a t  compete 
w i t h  each o th e r  and i n t e r a c t i o n - i n t e r a c t i o n  processes.  Only then can
one be i n  a p o s i t i o n  t o  de te rmine the  necessary parameters f o r  
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CONCLUSIONS
In the course of this work it has been possible to describe several 
of the physical processes occurring in dense plasmas which have been 
produced by high power lasers. Measurements have been made of the 
spectrum emitted when the plasma is irradiated by an electromagnetic 
wave of frequency, w ^ .
It has been shown that light is scattered:-
(a) at a frequency slightly less than w^ by the stimulated 
Brillouin scattering process.
!
(b) at a frequency slightly less than 2w as a result of a 
harmonic generation process occurring near the critically dense 
region. The radiation is the result of coalescence of a 
plasmon and a photon or the coalescence of two plasmons.
The stimulated Brillouin scattering process, dependent on the 
existence of an ion acoustic wave, whose frequency depends on 
temperature, has been useful in the context of this study as a 
diagnostic. The wavelength shift of the scattered radiation has been 
used to make an independent estimate of plasma temperature (4.4) once 
the plasma velocity was known from shadowgram measurements [3]. The 
plasma temperatures deduced (from the Brillouin shifted spectrum) in 
the underdense region were between 150 and 350 eV for CO2 radiation 
and were comparable to those obtained by other workers (Paragraph 
2.3). The temperature is expected to be much higher in the vicinity 
of the critically dense region due to increased absorption via 
resonance and parametric processes. The second harmonic is generated 
in the critically dense region. Also X-ray intensities are dependent 
on plasma density. Hence these two processes provide a means of 
determining temperatures in the denser plasma. For plasmas produced 
by CO2 laser radiation,"Temperatures of approximately 2keV are found 
by both techniques. These agree, within + 15% with those derived by 
Gitomer & Henderson shown in figure 2-11.
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The original contributions to our understanding of the second 
harmonic consist of measurements of the red shift, measurements of 
the relative intensity, the observation of a fine structure within 
the second harmonic spectrum and the detection of a subsidiary 
feature red shifted by 0 . 1 pm for CO2 laser radiation fl] and by 
20A for Nd laser radiation.
There is fine structure within the main envelope of the second 
harmonic spectrum obtained with Nd laser radiation. This has a 
spacing of 1.0 + 0.5 A as may be seen in Figure 4.26. A calculation 
of the value expected from Cairn's theory for a plasma temperature of
1.5 keV and scale-length of 3.5pm,was one Angstrom. In view of the 
error of measurements, which were +8%, and the existence of outward 
motion of the plasma at 10^ cm.sec-^, giving a Doppler shift of 
about 0.5A, the experimental values provide support for Cairn's 
theory.
A diffuse spectrum was found in the vicinity of the second harmonic
where the displacement of 2Wo decreases with increasing angle from
normal incidence. This spectrum, shown in figure 4.31 appears not to 
have been reported previously.
There is a linear relationship between the frequency and wave vector 
(2.39) as may be seen in Fig. 4.36 and which is attributed to the 
presence of an ion wave whose speed is in excess of 10  ^ cm.sec ^
The method of measurement of the 2w spectrum produced by the
CO2 laser caused the fine structure to be integrated over
approximately 80 laser shots. As a consequence, detail is lost in
those spectra but the shoulder seen in figure 4 . 3 could be attributed
to the fine integrated structure.
In figure 4.39 it was seen that the displacement of the second
harmonic spectrum from 2w was a logarithmic function of the scaling
2 .parameter lA for plasmas produced by either CO2 lasers or Nd lasers,
i.e. 8 X 2^ = b log (1A2 ) ,
( 5 . 1 )
where b = 67.5AW ^ . Relation (5.1) is valid for
2 12 -2  2I X >10 Wcm pm which is above threshold for 2w generation.
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In figure 4.40 it may be seen that the spectral shift of the second 
harmonic is predicted by Cairn's theory to within 20% but the theory 
of Silin leads to a discrepancy of more than an order of 
magnitude. This agreement provides support for the ion wave 
frequency to be correlated with the incident intensity. It also 
appears that parametric resonance is not the dominant process as 
required by Krokhin (2.70). The experimentally determined second 
harmonic spectral shift did not vary greatly with irradiance for 
neodymium produced plasmas and according to Cairn's theory, the
12variation should be no more than ±2Â over the intensity range 10 to
13 _2
10 Wcm . However, in the C0« case the experimental values of the
11 12 “ 22w shift fell steeply in the range 10 to 10 Wcm whereas Cairn's 
theory predicts a slight rise. The effect of a Doppler shift is
o
negligible here being less than 0.5A, and does not account for the 
decreasing shift in the second harmonic with irradiance.
I
An alternative explanation is given by Burgess [2l who argues that 
the generating mechanism could be the combination of an instability 
of resonance absorption, which is due to fluctuations in the density 
gradient, and wave-breaking.
Burgess [2] has also observed a second harmonic spectral red shift
which decreases with increasing irradiance for Nd illumination. The
extrapolation in figure 4.39 leads to a threshold value of 10^^
- 2  2Wcm ym , for zero red shift. It is expected at these high 
irradiances that the dominant absorption mechanism is via turbulent 
wave-breaking; Sudera [3] has shown the existence of turbulence in 
the critically dense region by shadowgraphic and interferometric 
techniques.
The subsidiary feature which appears on the long wavelength side of 
the 2w harmonic at a position of about +0.1pm with the CO2 laser and
at 20A for the Nd laser appears not to haVe been reported elsewhere.
Neither Cairn's (Fig.4.37) nor Silin's (Fig 4.38) theories account 
for this subsidiary feature. Several possible causes have been 
considered. It has been shown that there are two density gradients 
in the plasma and hence two scale-lengths. These could lead to the 
generation of plasmons of different energies (for CO2 radiation), and
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hence lead to two features in the harmonic spectrum, separated by no 
more than 80Â assuming that the plasma temperature remains fairly 
constant. Similarly for Nd plasmas a discrepancy of no more than 4A 
is expected. Thus several scale-lengths do not account for the 
subsidiary feature but do offer another explanation of the shoulder 
seen in CO2 results (Fig.4.3) and the assymetry seen in 2w spectra 
for Nd plasmas. Yet another possibility is the existence of 
resonance and parametric processes which compete to produce the 
Langmuir waves needed to generate the second harmonic. The 
electromagnetic wave penetrates to different depths within the plasma 
as given by the Ginzburg function (9>)_,Fig 2.4, which also gives an 
optimum incident angle for maximum- resonance absorption. It is noted 
that the subsidiary feature occurs for Nd illumination where the 
targets were tilted by at least 15° to the incident direction, 
indicating resonance, absorption to be the dominant process. In these 
experiments the density scale length was 1.5pm. However,
Abdel-Raouf [1] saw a similar effect for CO2 illumination but with 
plane targets normal to the incident beam. Here the parametric 
process is likely to be dominant as the longitudinal wave amplitude 
is at a maximum along the electric field intensity vector of the 
incident radiation. In the present study it is concluded that 
resonance absorption, once again, is dominant for CO2 generated 
plasmas (Fig.4.9) with a minimum scale-length of 20pm.
In the resonant region near to the critical density, large magnetic
fields are generated Ref. [43. The magnetic fields must be in excess
of 10^ gauss to give the observed shift in the subsidiary feature
arising from cyclotron radiation. In this study, magnetic fields are
about a megagauss [ij which would result in a cyclotron frequency of 
12
the order of 10 Hz. This could account for the observed subsidiary
feature. It is noted that generally magnetic fields are below a
megagauss for the irradiances used and are only important in thermal 
energy transport processes within the plasma.
The scaling factor for the second harmonic intensity with irradiance 
is between I^'^ and I ^ * ^ — indicating that apart from resonance 
processes there were contributions by parametric and other processes. 
The fractional conversion to the second harmonic was 10 ^ to 10 ^ of
— v9V —
the incident radiation, well within the range 10  ^ - 10  ^ determined 
by several workers (see refs. 50, 60, 144, 153 in Chapter 2). This 
fraction is calculated from thresholds and growth rates of the 
processes from which 2w can arise. For lower atomic charge targets 
the conversion to 2w was reduced, being 10  ^ of incident radiation, 
due to the ion acoustic frequency scaling as Z^ and larger 
scale-lengths [3] leading to poor resonance absorption and 
consequently less second harmonic generation.
To summarise, the above study has given insight into some of the 
processes which take place when intense laser light is incident on a 
plasma and which may lead to absorption or scattering of the light. 
However, much more work is required. An increased range of target 
materials should be examined, and a broader range of incident 
radiation wavelength and at higher intensities be used. For CO2 , 
radiation, improved beam uniformity and use of faster array-type 
detectors is necessary to obtain time-resolved spectra for direct 
comparison with plasmas produced by shorter wavelength radiation. 
Future studies should be made of the processes at higher values of 
i.e. above lO^^Wcm ^pm^ where non-linear effects are expected to 
dominate. At even higher values,
I7v>10^^Wcm^^pm^, relativistic processes become important and novel 
effects will occur due to the intense magnetic fields having a more 
pronounced effect on the motion of electrons.
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APPENDIX A : CO2 LASER THEORY
INTRODUCTION:
In  1964 Pate l  [ 3 ]  succeeded i n  o b t a i n i n g  low i n f r a r e d  emiss ion  
f rom CO2, gas by e x c i t i n g  the  gas i n  a dc e l e c t r i c  d i s c h a rg e .  
Subsequent ly  h ig he r  l a s i n g  e f f i c i e n c i e s  were re p o r te d  by a d d i t i o n s  o f  
Ni  and He gases, t o  the  CO2. d i s c h a rg e ,  which p la y  s i g n i f i c a n t l y  
d i f f e r e n t  r o l e s .  The N2,  a c t i n g  as an energy s t o r a g e ,  e f f i c i e n t l y
t r a n s f e r s  energy t o  the  CO^  ^ m o lecu le .  The He encourages the  lower CO^ 
l e v e l s  t o  depopu la te  though on a sm a l le r  t im e  sca le  w i th  respect  t o  the  
N%-CO^ gas m ix tu r e .
Pulsed CO2 la s e rs  have been developed f rom lo ng ,  narrow d is ch arg e  
tubes  c o n ta in in g  on ly  a few t o r r  o f  the  gas m ix tu re  t o  la rge
t r a n s v e r s e l y  e x c i t e d  a tmospher ic  pressure(TEA) l a s e r s .  Power l e v e l s  o f  
g r e a t e r  than g igawatts(GW) have been achieved w i t h  such l a s e r s .
LASER MECHANISM :
The CO2. la s e r  opera tes  i n  the  9-11 pm band i n  the  i n f r a r e d -  The 
l a s e r  t r a n s i t i o n s  a r i s e  i n  the  change o f  v i b r a t i o n a l  l e v e l s  which are 
shown i n  F ig -  A-1 - The th r e e  fundamenta l  modes are des igna ted  ' ^ * , ^ 2. 
and V 3 r e p re s e n t in g  the  symmetr i c ,  bending and asymmetr ic  modes
r e s p e c t i v e l y -  In  th e  symmetr ic case o f  f requency  V , ,  t h e  two oxygen 
atoms move i n  o pp o s i te  d i r e c t i o n  w h i l s t  the  carbon atom i s  s t a t i o n a r y .  
The asymmetric mode o f  f requency  V3 has the  0 atoms moving to g e th e r  
w h i l e  the  carbon moves i n  the  o pp os i te  d i r e c t i o n .  L a s t l y ,  t h e  bending 
mode w i t h  f requency  \>^ c o n s i s t s  o f  two degenera te v i b r a t i o n s
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Using sp e c t ro s c o p ic  n o t a t i o n  t o  d e f i n e  the  v i b r a t i o n a l  s t a t e  as
( n , , n ^  , n ^ )  where n- are the  number o f  quanta of  f requency  possessed
by the  m o lecu le .  The s u p e r s c r i p t  I o f  the  degenerate v i b r a t i o n  takes  
the  va lue  l=n ,  n - 2,  1 ,  0 w i t h  each I g i v i n g  r i s e  t o  a s u b le v e l ;
e . g .  f o r  n =1 the  on ly  va lues  t h a t  I can take  i s  1=1 and when n =2,  
1=2, 0 ,  and two s u b le v e ls  r e s u l t .  I f  no o th e r  v i b r a t i o n s  o f  the  
mo lecu le  are e x c i t e d ,  then  these  would be w r i t t e n  ( 01* 0) and ( 02^ 0) ,  
( 02* 0) ,  r e s p e c t i v e l y .
The a ssoc ia ted  v i b r a t i o n a l  energy l e v e l s  can be c a l c u la t e d  f rom:
E, = hV, (n +1 /2 )  (A .1)
Ea. = hv>^(n +1) ( A . 2)
E3 = +1 /2 )  (A .3)
A s e r ie s  o f  r o t a t i o n a l  l e v e l s ,  l a b e l l e d  by quantum number J ,  are 
superimposed on each o f  these v i b r a t i o n a l  s t a t e s .  Because o f  the  
symmetry o f  the  CO2 m o le cu le ,  J on ly  takes  odd v a lu e s .  Thus can now 
c o n s t ru c t  an energy l e v e l  d iagram o f  the  sys tem (F ig .  A . 2 ) .
The im p o r ta n t  CO2 l a s e r  t r a n s i t i o n s  are a ls o  shown i n  F ig .  A .2.  
The t r a n s i t i o n  cor respond ing  t o  the  change of  the  v i b r a t i o n a l  s t a t e  o f  
the  molecule  f rom 00*1 ->  02*0 occurs  at  about 9 .4  y m and the
t r a n s i t i o n  f rom 00*1 ->  10 0 at  10 .4  pm. The s e l e c t i o n  r u l e s  f o r  
t r a n s i t i o n s  between v a r io u s  v i b r a t i o n a l  and r o t a t i o n a l  s t a t e s  are as 
f o l l o w s :
v i b r a t i o n a l  t r a n s i t i o n s  : n = 1 ,  1= 0,  1
r o t a t i o n a l  t r a n s i t i o n s  : J = 0 ,  1
Branches o f  a v i b r a t i o n - r o t a t i o n  t r a n s i t i o n  are des igna ted  by the  
change i n  J as f o l l o w s :
P — ^  J = ” 1 ,  Q = — 0 ,  R = ^  J “  +1,
w i th  i n d i v i d u a l  l i n e s  being denoted by P ( J ) ,  Q ( J ) ,  R ( J ) .
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In  the  10.4  band,  o s c i l l a t i o n  occur p r i m a r i l y  on the  P (1 8 ) ,  
P(20) and P(22) l i n e s  near 10 .6  pm. F igure  A .3 shows the  im p o r tan t  
s p e c t r a l  l i n e s  on which la s e r  em iss ion  can occur i n  CO2,  where the  
he igh t  of  the  l i n e  i s  p r o p o r t i o n a l  t o  i t s  s t r e n g th  thus  g i v i n g  an 
i n d i c a t i o n  o f  t h e i r  r e l a t i v e  ga in  i n  the  l a s e r .
The se p a ra t io n  between the  f i r s t  e x c i t e d  l e v e l ( V = 1 ) o f  and 00 1 
l e v e l  o f  CO2 i s  on ly  M 8 cm* (1 /400 e V ) . Thus energy between N2.(V=1)
O
and C0a.(00 1) i s  t r a n s f e r r e d  w i th  h igh e f f i c i e n c y  as c o l l i d e s  w i t h  
CO2 because the  energy d is c repancy  i s  much le ss  than  the  the rm a l  energy 
o f  mo lecules  i n  the  d ischarge(~200  cm* at  300 K ) . A f t e r  the  la s e r  
a c t i o n  i n  the  HeiCO^iN^ m ix tu re  the  CO^  mo lecu les  q u i c k l y  decay t o  the  
( 01' 0) v i b r a t i o n a l  mode where, i f  he l ium were not p re s e n t ,  they  would 
be t ra p p e d .  The ra te  equ a t ions  f o r  the  v a r io u s  r e l a x a t i o n  processes 
have been c a l c u la t e d  by T a y lo r  & B i t te rm an n  [ 4 ]  which augment the  above 
d i s c u s s io n .  Another im p o r ta n t  r e s u l t  t h a t  f o l l o w s  f rom the  ra te  
equ a t ion s  i s  t h a t  the  r o t a t i o n a l  r e l a x a t i o n  ra te  i s  ve ry  la rg e  im p ly in g  
e f f i c i e n t  o p e ra t i o n  o f  shor t  pulse  CO^ , l a s e r s .
The e x c i t a t i o n  schemes a v a i l a b l e  are e i t h e r  o p t i c a l ,  chem ica l ,  
the rm a l  or  e l e c t r i c a l  though the  l a s t  i s  most f r e q u e n t l y  used.  
E s s e n t i a l l y  an e l e c t r i c  d ischarge  i s  a p p l i e d  t o  the  gas m ix tu re  and 
pumping o f  the  la s e r  l e v e l s  occurs by c o l l i s i o n s  between e le c t r o n s  i n  
th e  d ischarge  and the  CO^  and m o le cu les .  In  pu lsed  TEA l a s e r s ,  
however,  a u v - p r e i o n i s a t i o n  i s  employed t o  o b t a i n  un i fo rm  d ischarges  
and h igh  la s e r  o u tp u t s .  Convers ion e f f i c i e n c i e s  o f  ^^10% have been 
ach ieved  w i t h  such systems, c . f .  t h e o r e t i c a l  l i m i t  o f  ^40%.



















PULSED CO^  LASERS :
The a p p l ie d  e l e c t r i c  d ischarge  f o r  use i n  m o lecu la r  pu lsed  l a s e r s  
s h o u l d : -
(a)  be uni formC w i th  no tem pera tu re  or r e f r a c t i v e  index  g r a d i e n t s ) ,
(b)  e f f e c t i v e l y  conve rt  the  k i n e t i c  energy o f  the  e le c t r o n s  i n t o
v i b r a t i o n a l  energy o f  the  m o lecu les ,
(c )  m a in ta in  a h igh  c u r re n t  d e n s i t y  f o r  in c reased  v i b r a t i o n a l  energy
d e n s i t y  i n  a shor t  t im e ,
(d)  be la rg e  enough so t h a t  e l e c t r o n  p ro d u c t io n  due t o  Townsend 
m u l t i p l i c a t i o n  i s  equal  t o  e l e c t r o n  losses by recom b ina t io n  and
d i f f u s i o n .
The l a s t  c o n d i t i o n  se ts  l i m i t s  on the  la s e r  o p e ra t in g  v o l t a g e s ;  i f  
t o o  low then  d ischarge  e x t i n g u i s h e s ,  e lse  arc  r e s u l t s  i f  too  h ig h .  Th is  
problem i s  avoided i n  e l e c t r o n  beam c o n t r o l l e d  d is c h a rg e s .
The tempora l  p r o f i l e  f rom a TEA CO^  la s e r  can be deduced f rom the  
s o l u t i o n  o f  the  coupled set o f  ra te  e qu a t ion s  f o r  the  HeiCO^iN^ m ix tu re  
[ 2 ] .  These equa t ions  d e s c r ib e  the  behav iour  o f  the  p o p u la t i o n  d e n s i t i e s  
and photon d e n s i t i e s  w i t h  t im e .  The s o l u t i o n ,  f o r  the  la s e r  output  
power, c o n s i s t s  o f  an i n i t i a l  sharp sp ike  f o l l o w e d  by a lower i n t e n s i t y  
long t a i l  o f  r a d i a t i o n .  B a s i c a l l y  t h i s  a r i s e s  as th e  e x c i t e d  
mo lecules  v i b r a t i o n a l l y  t r a n s f e r s  t o  the  CO^ molecu le  g i v i n g  a r a p id  
i n i t i a l  p u l s e .  However, s ince  e x c i t e d  molecules s t i l l  e x i s t ,  f u r t h e r  
t r a n s f e r s  g iv e  weaker and weaker pu lses  le a d in g  t o  the  long t a i l .  More 
than  50% o f  the  energy may be i n  the  s h o r t e r  p u l s e ,  so t h a t  i n  terms o f  
power t h i s  i s  the  most e f f e c t i v e .
See Duley [ 1 ]  f o r  f u r t h e r  read in g  on CO^ la s e rs  and more 
r e fe r e n c e s .
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APPENDIX B : FILTERS
The s p e c t r a l  response o f  the  f i l t e r s  used i n  t h i s  s tudy  are shown 
i n  F igu re  B .1 ;  v i z .  10 .69  |om, 7 .07  f^m, 5 .3  {Jm f i l t e r s .  A lso  t h e i r  
per formance d e t a i l s  are p resen ted  below i n  Tab le  B.1
TABLE B.1 : FILTER CHARACTERISTICS.
F i l t e r 10.69 7 .0 7 5 .3 y/m
Diameter 25 25 20 mm
Peak wavelength 10.69 7 .0 5.3 ym
H a l f  peak bandwidth 0.195 2.3 0. 6 ^m
T ransmi ss ion 40 50 80 %
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